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ABSTRACT

Cumulative trauma disorders are musculoskeletal problems such as
carpal tunnel syndrome, rotator cuff tendinitis, and epicondylitis which can
affect assembly line workers.

The injuries are thought to result from

repetitive motions performed under excessive loads in anomalous postures.
The project aimed to design, build, install, and evaluate worksite
accommodation at the Saturn plant for a worker with right lateral
epicondylitis. The goal was to make her fully functional in her original
team which required addressing the injurious aspects of the task that
caused or aggravated her injury.
A process of observation, interview, and analysis identified “the door
mount” operation on the Doors Team as potentially injurious and as a task
that the restricted worker is unable to perform. The design goal was the
modification of a standard electric torque gun on the “door mount”
operation. The design process evolved through three stages. The first
design was a wearable tool support. It was followed by a flexible shaft bolt
driver. Finally, both these designs were overshadowed by the three-axis
tool holder which was implemented on the line.
The three-axis tool holder was evaluated by the worker and the other
non-injured members of the team. The device performed very satisfactorily
and was successful in maintaining the line speed. A static postural analysis
revealed that all load reductions established as design goals have been
attained. The extended on-line evaluation by Saturn will reveal whether
the three-axis tool holder has made it possible for the restricted worker with
right lateral epicondylitis to become fully functional on her original team.
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CHAPTER 1
INTRODUCTION

The joint UT-Saturn project on the accommodation of disabled
workers started in June 1994 and is expected to be completed by the end of
1995.

It is a joint effort by The University of Tennessee, Memphis,

Department of Biomedical Engineering; Rehabilitation Engineering
Program; and the Saturn Corporation at Springhill, Tennessee.

The

primary aim of the project was to return to the assembly line workers who
had been placed on long-term “restrictions" to the jobs they were injured on.
This was to be done by developing modifications to the tasks that they were
restricted from performing.
The design objective of this project is the development of a job
accommodation for a worker restricted by right lateral epicondylitis.
Lateral epicondylitis is popularly called “tennis elbow” and it affects the
tendons and muscles at the elbow joint. Stressful tugging, pulling, and
other activities that involve supination of the forearm and extension of the
wrist cause aggravation of pain at the lateral epicondyle (Burke and Rasch,
1978). The selected worker was a member of the Doors team in the Saturn
Corporation for a period of four years. As a result of her injury, which she
suffered in 1991, she could not perform some of the tasks on the assembly
line. She was thus placed on “short-term restriction” and then subsequently
on “long-term restriction.” The first step of the project was to determine
which jobs were aggravating her injury. A detailed analysis using clinical
observations, simulations of the task, and static postural analysis revealed
that the door mount operation was exerting injurious loads on the elbow.
1

This operation involved the use of a standard electric torque gun that
weighs 6 lb. The operator carries the gun with both hands while “shooting
the bolts” on the space frame. Typically when loading the bolts into the end
of the tool, the operator holds the gun cantilevered in the dominant hand
while inserting the bolt with the other hand. The concentrations of load on
the elbow are extremely large (as shown by the load calculations). The
loads, while loading the bolts into the end of the gun, are one and a half to
two times the loads which occur when holding with both hands to drive the
bolt. Further, the design had to be completed either in a manner that the
adaptation is used only by the restricted candidate and in a fashion that
does not hinder the operation of the other non-restricted members of the
team, or as a universal design used by all members of the team.
The first implemented design idea was relatively simple. It was a
belt-mounted gun brace that supports the gun at the waist of the user while
she is shooting the bolts. It swivels about an axis normal to the wearer’s
abdomen allowing the braced tool the range of angles needed to access all
the bolts. The recoil of the gun when the bolt seats, reacts against the
pelvis instead of the user’s hands. The static loads on the dominant hand
and arm while loading the bolts into the end of the tool are also lessened
considerably as compared to the unmodified operation. Some of the main
drawbacks were identified by the workers who tried it. They included
snagging of the belt brace on pieces of equipment on the station, odd
postures required for driving the highest and lowest bolt, and the time
involved in putting the belt on and taking it off as the operators rotate
through the various tasks.
The second design concept was a flexible shaft driver that
transmitted power from a fixed position motor unit to the tool head located
2

at the other end of the flexible shaft. The flexible shaft potentially had the
flexibility to allow access to all the bolts. The worker would be freed from
supporting the weight of the motor and the recoil of the gun would be
transmitted to ground through the motor housing mounted on the door
mount fixture. The motor end of the flexible shaft assembly was mounted
using a base mount device which was provided with three degrees of
freedom.
Several disadvantages were found during the trials of the prototype
on the left front door at the Workplace Development Center at Saturn. The
main drawback of the flexible shaft assembly was its length. It was 38.5 in.
long and violated geometrical constraints due to its length. The electric
torque gun was only about 26 in. long. Further the weight of the flexible
shaft was comparable to the weight of the tool. This was because a core
diameter of 0.625 in. had to be chosen to transmit the desired torque. Again
due to the large diameter of the core, the bending stiffness was high; this
led to a loss of flexibility and thus access to the bolts was more difficult than
expected.
The space constraints imposed on the flexible shaft assembly by the
fixture led to considering a “three-axis tool holder." This was initially
developed to mount the flexible shaft assembly. The electric torque gun was
directly mounted on the tool clamp of the three-axis tool holder. The length
of the electric torque gun is around 26 in. (depending on the handle) and the
tool was clamped at the end of the gun handle. The three-axis tool holder is
capable of linear translation, that is, motion in the X-direction (in the
longitudinal axis of the car), a pitch angular motion, and a yaw angular
motion. These three degrees of freedom enabled the tool to access all the

3

bolts without any major problems and eliminated the need for a flexible
shaft.
Another advantage of the three-axis tool holder when performing the
bolting operation on the left side of the car was that since the end of the tool
is supported, the left hand is freed and the external loads on the right hand
are reduced. The forces exerted on the hand due to loading of the bolts at
the end of the tool are reduced as the gun is supported by the three-axis
holder while the bolt is being loaded. The dynamic forces due to recoil are
transmitted to the ground via the tool mount and the door mount fixture.
These dynamic forces have been removed from the user’s hands. A static
load analysis performed using a Mannequin computer model showed a 45%
reduction in muscle moments at the right lateral epicondyle. Further, the
tool mount has been found in early trials to permit the user to maintain the
usual line speed and keep up with the other operators on the line.

SIGNIFICANCE OF THE PROBLEM

Repetitive motion injuries are the cause of various types of
cumulative trauma disorders (Mital, 1994). The Saturn Corporation has its
share of repetitive motion injuries, some leading to short-term restriction
while some injuries necessitate placing the worker under long-term
restriction (OSHA Guidelines).

Based on epidemiological studies,

Silverstein, et al. (1986, 1987) concluded that repetitive movements of the
hand and wrist are a risk factor for carpal tunnel syndrome (CTS) and wrist
tendinitis.

4

POWER TOOLS
Hand-held power tools are widely used in the industry. Power tools
reduce manual force requirements, shorten the time to accomplish tasks,
and improve the quality of work. The use of power tools, however, is not
without stress. Rauko, et al. (1988) interviewed sixty-six workers from two
companies in Finland. Their investigation showed that one in five workers
(20%) felt that the most stressful task in their work was connected directly
to the use of pneumatic screwdrivers and nut runners. Currently, there is
also an increasing awareness for the design and selection of power tools to
prevent cumulative trauma disorders (CTDs).
Repetitive motion, forceful exertion, awkward posture, contact stress,
cold temperature, and vibration are risk factors often associated with
cumulative trauma disorders (Armstrong, et al., 1986). The best method
currently available for preventing cumulative trauma disorders is to
minimize risk factors associated with tasks, tools, and workplace
(Armstrong, 1986).

OVERVIEW OF ERGONOMICS
Ergonomics is the science of optimizing the interactions among the
person, the job, and the environment. The primary goal of ergonomics is to
create a safe comfortable workplace that will reduce the potential for
cumulative trauma injuries. These injuries occur when employees work in
awkward postures for extended periods of time or perform tasks that
require repetitive motions. Ailments commonly associated with the use of
tools in the industry include carpal tunnel syndrome, epicondylitis, and
tendinitis. These injuries lead to decreased productivity, lost and restricted
workdays, and increased medical and workers’ compensation costs.
5

Selecting ergonomically designed tools and making sure they are correctly
used can help reduce the incidence and severity of injuries in
manufacturing firms and offices (Practical Ergonomics, 1991).

IMPORTANCE OF ERGONOMICS
Cumulative trauma injuries are now the leading occupational hazard.
In August 1990, Elizabeth Dole, then U.S. Labor Secretary, stated that
cumulative trauma injuries make up 48% of all recordable industrial
workplace illnesses. This represents a five-fold increase in eight years. In
addition to becoming more common (or more commonly reported) these
injuries are also extremely costly. The American Academy of Orthopedic
Surgeons estimated that cumulative trauma injuries have totaled $27
billion yearly in medical bills and lost workdays (Goldoftas, 1991).
This increasing incidence of injuries and the exorbitant expenses
associated with them are sufficient motivation to develop and design
improvements, modifications, and accommodations. The agency OSHA is in
the process of developing a comprehensive set of ergonomic guidelines that
will make it compulsory for all manufacturing facilities to introduce
ergonomic programs (Carson, 1993).
These guidelines address the issue of ergonomic tool redesign and
reduction in the incidence of cumulative trauma injuries. Can anything be
done for the workers who have already suffered injury? Can the processes
of helping these workers and making the workplace safer be combined?

6

PURPOSE OF THE PROJECT

TYPES OF RESTRICTIONS
Work-related injuries in the Saturn plant have resulted in a group of
workers placed on: 1) temporary or short-term restriction and 2) permanent
or long-term restriction.

The workers on short-term restrictions have

suffered some form of strain/sprain and do not perform the tasks that
caused/aggravated their problem for a certain period of time. The workers
return to their normal duties once this period is completed and the
physician feels they can return to their daily tasks without risk of
aggravation of their injury.
Workers on long-term restrictions have been symptomatic from their
injury for an extended period of time. Only after repeated testing and
evaluation of the individual’s capability to perform his/her job, will the
physician recommend placing an individual under long-term restriction.
Once a worker is placed under long-term restriction, he cannot perform the
tasks that would aggravate his condition.

This may be, for example,

avoiding the use of power tools.

ACCOMMODATION OF RESTRICTED WORKERS AT SATURN
The joint UT-Saturn project is meant primarily to accommodate a
group of current workers whose work-related injuries prevent them from
performing the full range of tasks ordinarily expected of members of each
team of Saturn workers.

Our observations show that the work-related

injuries at the Saturn plant are typical in that they are due to combinations
of repetitive motions, excessive loads, and anomalous postures (Armstrong,
1986).

The disorders arising on the job have made it necessary to
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accommodate the injured worker(s). This, as well as the reduction of the
future occurrence of work-related disorders, can be achieved by proper tool
modification, fixture design, and general ergonomic design.
Saturn has implemented direct ergonomic measures such as redesign
of hand tools, modification of workstations for better ergonomic postures,
and introduction of higher efficiency and ergonomic power tools.

They

conduct periodic ergonomic evaluations (as per OSHA requirements) to
improve the task, the workplace, and the environment.

They have

introduced training programs for the workers to optimize their performance
and minimize the risk of injury. Despite continuing efforts in the above
areas at the Saturn plant, there exist same workers who are not able to re
enter their team’s standard task rotation due to restricted capacities and/or
concern regarding re-injury. The willingness of members of this group to
try new concepts is key to the joint UT-Saturn effort.

PROBLEM DEFINITION
Industrial manufacturing concerns faced with the problem of workrelated injuries usually have few options other than placing affected
workers on sick leave. This is a major loss for both the individuals and the
company. The successful return of the restricted workers back to the jobs
that were a cause for their injuries would be beneficial to the individual and
the company.
The overall goal of the project is to design, build, and evaluate
worksite accommodations for a selected group of workers. These workers
are currently on long-term restrictions and do not participate fully in their
team’s standard task rotation. The intended outcome of the part of the
project covered in this thesis will be to return one worker successfully to her
8

team to perform the jobs that might have contributed to her injury. The
outcome will serve a two-fold objective: 1) accommodate the restricted
worker and 2) reduce the probability of injury on the modified task.
The first step of the project involves modification of the task which
the chosen worker is unable to perform. The final outcome of this project is
to return the chosen worker as a fully rotational member of his/her original
team. This thesis concentrates on one worker and the accommodation of
one particular task which she was unable to perform. The focus of this
thesis will be on the identification of the task to be modified, the
experimental methodology adopted for this process, the designs that were
developed and evaluated, and the evolution of the final solution (refer to
Figure 1.1). The particular candidate, referred to as S henceforth, was a
member of the Doors team in the Saturn plant.

She had right lateral

epicondylitis and she could not use power tools as a result of her condition.
The task of bolting the doors to the space frame required the operator to use
an electric torque gun. The modification of the power tools used in the door
mount operation to enable S to return to the Doors team will be the focus of
this thesis.
Some of the questions that the task accommodation had to answer
were related to the uninjured workers. Will the modification be used only
by the candidate or will it be used by all members of the team? If it is to be
used only by the candidate, then it will have to be “transparent” to the other
members of the team. If it is developed for all members of the team, what
will be their reaction to the task modification?

The answers to these

questions were resolved as the designs developed and the team members
played a very crucial role in implementing the final solution.
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Epicondylitis

Figure 1.1 Flowchart depicting the various stages in the
development of the three-axis tool holder
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RELATED COST SAVINGS
Providing accommodations for the restricted workers, for injuries
such as carpal tunnel syndrome and tendinitis, results in cost savings.
They are medical costs—doctors visits, therapy, surgery, workers’
compensation costs, lost and restricted workdays, cost of re-training the
injured employee, and training a new employee to take the job of the
injured employee.
Modification of jobs causing cumulative trauma injuries decreases
absenteeism, reduces turnover, increases employee morale, reduces the
number of rest breaks, decreases material waste, improves quality, and
increases production rates. All the above factors contribute to improve the
performance and efficiency (Practical Ergonomics, 1991).

This project

demonstrates that the solutions developed for a particular condition can be
adapted to other individuals with different injuries. Accommodations of
restricted workers and modification of existing tasks, might reduce the
occurrence of injuries to a large extent.

CANDIDATE SELECTION
The project commenced with the problem definition phase. In this
initial phase (during which the UT students were in residence at
Springhill), the UT research team worked with Dr. Ralph Hanson and Kent
Spaulding to identify four workers who possessed certain qualifications:
1) their jobs were in the Vehicle Assembly section of the Saturn
plant,
2) their injuries and resulting restrictions prevented them from
performing some or all the tasks of their teams,
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3) their injuries and resulting restrictions were distinct from each
other hut not unique in relation to the others in the plant, and
4) they were likely to be willing and effective contributors to the
effort to develop improved job accommodations for them.
From June 1994 to October 1994, the University of Tennessee
research team worked with Mr. Michael Schlacter from People Systems, Dr.
Hanson the plant physician, and Ms. Judy Willis from People Systems to
identify and recruit four volunteers from a larger pool of candidates.
Initially a larger group of candidates was chosen. This was facilitated by
preparation of condensed descriptions of all of them by Dr. Hanson and his
staff. That information excluded names and other identifying information
to protect the privacy of the workers who do not participate in this project.
The criteria used by Dr. Hanson in pruning his list included favoring
workers with clear defined injuries. Dr. Hanson’s reduced list was sorted by
injury into five groups: 1) lower back, 2) hand and wrist, 3) elbow, 4)
shoulder, and 5) neck. It was then decided that workers with lower back
injuries should be eliminated from the list (for this project) because Saturn
felt that this type of injury was better understood and the upper extremity
and neck injuries presented more of a challenge. This and the other criteria
reduced the group to half its size.
In October 1994 the candidate selection process was completed. Each
of the remaining candidates was interviewed, informed about the purpose
and content of the project, and asked if he/she was interested in
participating.

Ninety percent continued to be candidates following the

interviews, and these were further sorted and prioritized according to
injury, history, and other criteria regarding diversity of race and gender. A
meeting with the Operations Module Advisors (OMAs) and Area Module
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Advisors (AMAs) of potential participants was held to ascertain any major
proposed product or manufacturing changes for the current product or the
next model change which would substantially alter assembly tasks which
may have caused these candidates’ injuries.

A final selection of four

volunteers was then made and these individuals were informed of the
decision.
As the project evolved one of the candidates dropped out of the project
due to personal reasons. Later another candidate suffered an injury and for
all practical purposes cannot be a part of the evaluation process when the
accommodations developed for him are implemented. At the time of this
writing two candidates remain fully involved in the project.

PROTOTYPING, INSTALLATION, AND EVALUATION
By the end of the first fourteen months of the project, each of the
approved task adaptations designed by the team will have been fabricated,
bench-tested and revised as needed, and delivered to Saturn. Fabrication
and testing occurred in the shop facilities on the campus of University of
Tennessee, Memphis Rehabilitation Engineering Program. Depending on
the nature of these systems, they were installed on the assembly line for
trial use, or at a simulation site in the Workplace Development Center at
Saturn. This phase is expected to finish towards the end of 1995.
The project is expected to define and accomplish four task adaptation
problems; design, build and install prototype solutions; and conduct
preliminary evaluations of their success. The preliminary evaluation phase
extends for four months from September 1995 to December 1995. This
effectively relegates to future projects formal study of the long-term benefits
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of the installed accommodation technology for preventing repetitive motion
injury or re-injury.

ORGANIZATION OF THE THESIS
Chapter 2 of the thesis provides the relevant background for
developing a task modification for a person with right lateral epicondylitis.
This chapter describes the injury, the job modification process, relevant
background on flexible shafts, and details about the electric torque gun.
Chapter 3 deals with the tasks performed in the doors team, experimental
methodology adopted to identify the tasks that would be injurious to the
candidate, the model used to calculate the forces at the lateral epicondyle,
and the design objectives.
Chapter 4 describes the evolution of the design process from the beltmounted gun brace to the three-axis tool holder. Readers who wish to
proceed directly to the design and development of the three-axis tool holder
can bypass Chapters 2 and 3 and the design process of the belt-mounted
gun brace and the flexible shaft assembly remote power module. Chapter 5
deals exclusively with the performance evaluation of the three-axis tool
holder. This involves calculation of the forces at the lateral epicondyle,
comparison of the speeds of the workers who carried out the trials with the
three-axis tool holder, and subjective evaluations of the three-axis tool
holder by the Saturn engineers, team members, ergonomic co-ordinators,
and Saturn leadership.
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CHAPTER 2
BACKGROUND

Background material relevant to modifying a task for a person with
lateral epicondylitis is reviewed here. This chapter is subdivided into three
major sections. It introduces background on cumulative trauma disorders
and anatomical details of lateral epicondylitis.

The next section

concentrates on the methodology followed for the reduction of the
occurrence of cumulative trauma injuries. It deals with the state of the art
in assembly line modification and tool modification, and the implementation
process of an ergonomic program.

The last section deals with the

equipment and materials that were required for developing the final
solution.

CUMULATIVE TRAUMA DISORDERS

HISTORY
Cumulative trauma disorders are injuries that primarily affect
muscles, tendons, nerves, and blood vessels. These disorders are sometimes
called repetitive motion disorders. They result from long-term or repeated
exposure to physical stress. A cumulative trauma disorder is defined as
damage to body tissue by outside forces that has built up over time. This
damage interferes with the normal healthy function of the body (Practical
Ergonomics, 1991).
Bernardo Ramazini, an Italian physician and the founder of
occupational medicine, first described cumulative trauma disorders in 1717.
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In The Diseases o f Workers, he neatly divided “the harvest of diseases
reaped by certain workers” into two categories. Some people suffer, he
wrote, from the “harmful character of materials they handle." Others are
injured by “certain violent and irregular motions and unnatural postures of
the body .... [ that impact ] the natural structure of the vital machine”
(Goldoftas, 1991).
Some cumulative trauma disorders cropped up so often that they took
their names from the jobs that caused them: “telegraphist’s cramp”,
“bricklayer’s shoulder”, “stitcher’s wrist”, and “cotton-twister’s hand." In
the 1930s and early 1940s Margaret Thompson Mettert of the Women’s
Bureau of the Department of Labor repeated that ailments caused by the
“repeated motion” of using machinery and hand tools—“packing, wrapping
packages, folding, typing”—accounted for one-tenth to one-third of all
occupational diseases among women (Goldoftas 1991).
Today these disorders still have no single name. They are lumped
together as “cumulative trauma disorders”, “repetitive motion injuries”, and
“occupational overuse syndrome." Physicians commonly refer to them as
musculoskeletal or soft-tissue injuries (Brown and Dwyer, 1987).

SOURCES OF CUMULATIVE TRAUMA
Cumulative trauma disorders have no consistent diagnosis or
treatment. They are an eclectic group of disorders affecting the tendons,
nerves, and blood vessels in the upper body. Physicians can identify severe
carpal tunnel syndrome by measuring nerve damage but often they rely on
patients to identify pain and numbness.
Cumulative trauma disorders are caused or aggravated by repeated
small traumas.

These traumas may result from repeated or forceful
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exertions, awkward postures and positions, contact with sources of
vibration, and being struck by objects repeatedly. Under these conditions,
blood vessels, nerves, or tendons often come in contact with hard body
structures.

The softer structures become compressed, entrapped, or

stretched (refer to Figure 2.1). If these conditions occur repeatedly, or
accumulate without adequate recovery time for the body, trauma begins to
build. Generally, these conditions affect tendons, nerves, and blood vessels
near joints where these structures pass through a constricted space (refer to
Figure 2.1). They may also come in contact with hard structures like bone
and ligament. Continued exposure of the inflamed tendon or compressed
blood vessel to physical stresses that cause damage results in serious injury
or illness (Practical Ergonomics, 1991).
Some physicians go so far as to maintain that the disorders are not
caused by work at all—that they simply result from the wear and tear of
everyday life. Nortin Hadler, a rheumatologist at the University of North
Carolina at Chapel Hill, claims that studies linking carpal tunnel syndrome
to jobs are “so tenuous” that workers’ compensation should not cover them
(Goldoftas, 1991).
Thomas Armstrong, Barbara Silverstein, and others at the
University of Michigan’s Center for Ergonomics say that over years,
months, or even weeks, small injuries that may seem harmless—
“microtraumas”—can add up to lasting damage. In a landmark study, the
University of Michigan team evaluated the mechanics of each job performed
by nearly 600 employees in six industries.

The team concluded that

workers whose jobs combine force and repetition face the highest risk of
developing hand and wrist disorders (Armstrong, 1986). Jobs that may
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F igu re 2.1 In flam m ation o f the tendon (P ractical E rgon om ics, 1991)
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seem varied really are not if they stress the same muscles and tendons over
and over. Thus, actions that seem benign, such as feeding fabric into a
sewing machine and moving grocery items over an automatic scanner, can
ultimately cause permanent disability (Goldoftas, 1991).
The pace of work is also important. Epidemiologist and ergonomist
Laura Punnett, of the University of Lowell in Massachusetts, has studied
industries ranging from meat packing to auto assembly and postal, hospital,
and clerical work. “One reason these disorders tend to develop is that there
is no adequate rest time,” says Punnett. “I don’t mean 15 minutes in the
morning and 15 minutes in the afternoon.

I mean little microperiods

throughout the day when someone’s tendons and nerves can relax”
(Goldoftas, 1991).
Armstrong, et al. (1982) listed a variety of occupational risk factors
that have been found to be associated with cumulative trauma injuries.
Some examples of the risk factors are more than 200 manipulations per
hour, single or repetitive local strain, forceful and rapid repetitive
movements, and exertions with a flexed wrist (Carson, 1993).
Some of the occupational risk factors associated with carpal tunnel
syndrome related to the use of tools are 1) working with repetitive wrist
flexion or extreme extension, especially in combination with pinch grip and
2) repeated force on the base of the palm and wrist (Carson, 1993).

SYMPTOMS OF CUMULATIVE TRAUMA DISORDERS
Based on the above discussion we can identify several symptoms of
cumulative trauma disorders namely soreness, aching, numbness, tingling,
burning sensation, swelling, tenderness, stiffness, and weakness (Ballard,
1993). These symptoms often appear gradually. They tend to become more
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severe over time.

If Physical stresses persist, the symptoms generally

progress through three stages (Practical Ergonomics, 1991).
During the first stage, symptoms appear during periods of activity.
They disappear during periods of rest. A worker has signs of discomfort,
but is usually able to do the job. Generally, there is no noticeable pain of a
cumulative trauma disorder.
In the second stage, the condition progresses. Symptoms become
persistent. They no longer completely disappear during periods of rest.
Sleep may be disturbed by the symptoms, and it is difficult for a worker to
perform some job tasks.

There may be noticeable, Physical signs of a

cumulative trauma injury.
In the last stage, the symptoms become constant. Sleep is disturbed
and most activities cause pain. A worker is unable to perform most job
tasks. Physical signs of a cumulative trauma injury are present. When a
worker is exposed to Physical stresses, there may not be an immediate,
noticeable health effect. However, the person’s ability to perform job tasks
may be affected immediately.

If these Physical stresses continue, the

worker may suffer a serious cumulative trauma disorder or injury.
Early symptoms of cumulative trauma injury are often wrongly
diagnosed as muscle fatigue. They may also be dismissed as “part of the
job." It may take several days, weeks, or months before a person recognizes
the problem as a cumulative trauma disorder (Practical Ergonomics, 1991).
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ANATOMY OF THE FOREARM

THE WRIST EXTENSORS AND FOREARM SUPINATORS
The movements of the forearm and the elbow are considerably
influenced by gravity. The muscles in the front of the forearm are pronator
teres, flexor carpi radialis, palmaris longus, flexor carpi ulnaris, flexor
digitorum superficialis, flexor digitorum profundus, flexor pollicis longus,
and pronator quadratus (refer to Figure 2.2). The muscles in the back of
the forearm are arranged in two groups: superficial and deep.

In the

superficial group, from the radial side to ulnar side (Figure 2.2), lie the
brachioradialis, the extensor carpi radialis longus, the extensor carpi
radialis brevis, the extensor digitorum, the extensor digiti minimi, the
extensor carpi ulnaris, and the anconeus. The deep group consists of five
muscles, the supinator, the abductor pollicis longus, the extensor pollicis
brevis, the extensor pollicis longus, and the extensor indicis (Romanes,
1972).
The prime mover in forearm supination is the supinator and it is
assisted by the biceps brachii, extensor carpi radialis longus, extensor
pollicis longus, and abductor pollicis longus (Rasch and Burke, 1978). In
addition the radius also rotates around the ulna, allowing for forearm
rotation, or supination-pronation. In general, the longitudinal axis of the
forearm is considered to pass through the convex head of the radius in the
proximal radioulnar joint and through the convex articular surface of the
ulna at the distal radioulnar joint. The axis therefore is oblique to the
longitudinal axis of both the radius and the ulna (Morrey, 1985). The prime
movers in the extension of the wrist joint are the extensor carpi radialis
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longus, extensor carpi radialis brevis, and extensor carpi ulnaris. They are
assisted by extensor digitorum, extensor indicis, and extensor digiti minimi.
Of these muscles, the ones that originate in the lateral epicondyle are the
supinator, the extensor carpi radialis brevis, and the extensor carpi ulnaris.

REVIEW OF EPICONDYLITIS
The most frequently reported elbow problem is “tennis elbow” or
“epicondylitis." The characteristic source of discomfort is in the region of
the extensor muscle origin from the lateral epicondyle (refer to Figure 2.3).
Most observers agree that the basic pathology is inflammation of the
aponeurosis overlying the extensor carpi radialis and the e x t e n s o r
communis. The most likely mechanical etiology appears to be related to
overuse and overload associated with lack of appropriate preconditioning
(Vinger and Hoerner, 1986). Frequently it is associated with tendinitis of
the shoulder, fibrositis of the back, and other collagenous degenerative
conditions occurring in young and middle-aged adults.
The actual pathology is unknown. The majority of opinions indicate
that the condition is caused by a partial tearing of the tendon fibers from
their attachments to the epicondyle and epicondylar ridge (refer to Figure
2.3); the constant muscle contractions prevent healing, creating a traumatic
periostitis (Turek, 1984).
The onset is gradual. An ache typically appears over the outer aspect
of the elbow and is referred to the forearm (refer to Figure 2.3).

It is

persistent and intensified by grasping or twisting motions. It is common
among people whose occupations require constant rotation of the forearm,
for example, tennis players, pipe Fitters, and carpenters. Grasping requires
activation of the extensor carpi radialis brevis and longus and rotary or
23
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Figure 2.3 Representation of medial and lateral epicondylitis
(adapted from Practical Ergonomics, 1991)
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twisting motions of the forearm toward supination require active
contraction of the supinator. These muscles originate from the lateral
epicondyle and epicondylar ridge of the humerus and a few fibers from the
anterior capsule of the elbow joint as can be seen in Figure 2.3. A welllocalized point of tenderness exists over the lateral epicondyle and
epicondylar ridge (Turek, 1984).
Swelling is rarely present and the range of motion is intact. The
patient complains of a weak grasp and dropping of objects particularly with
the forearm pronated.

A clinical test consists of reproducing pain by

completely extending the elbow, pronating the forearm, and forcibly flexing
the wrists. Active attempts to dorsiflex the wrist against resistance will
likewise intensify the discomfort.

REHABILITATION OF LATERAL EPICONDYLITIS
According to Pappas (Vinger and Hoerner, 1986) the first phase of
treatment should be the prevention and appropriate advice regarding
conditioning.

When the patient feels discomfort in the characteristic

anatomic location, primary treatment should be rest, application of cold
packs, and prescribed oral anti inflammatory medications. If the symptoms
persist, local injection with a combination of local anesthetic and steroid
may be used. In chronic situations, use of an elbow brace or a non-elastic
band distal to the elbow area decreasing the excursion and stress on the
extensor origin may be helpful.

In some instances, recommended

treatments for an acute or chronic tennis elbow fail. In these situations
surgical intervention may prove successful. However, one should not look to
surgery as the primary cure-all without a carefully advised and supervised
post-operative rehabilitation program.
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A rehabilitation program includes necessary flexibility exercises to
assure a full range of motion for the elbow, forearm, wrist, and fingers; and
isotonic and isomeric exercises to assure maximum strength of the forearm
musculature.

In addition, specific attention should be directed toward

equipment used such as power tools, activities involved and suitable
modifications incorporated to prevent aggravation of the injury.

ERGONOMIC TOOL DESIGN

REDUCTION OF CUMULATIVE TRAUMA INJURIES
The four major steps that are typically followed, for reducing the
incidence and severity of cumulative trauma disorders, are utilization of
anthropometric data to design, reduction in the number of repetitions,
reduction in the force required, and elimination of awkward postures
(Carson, 1993).
Anthropometry
Anthropometry is the study of the human body dimensions. When
designing and selecting tools, anthropometric data should be used to
provide tools that are comfortable for most of the potential users and will
reduce the occurrence of injuries. The selected tool will be used by a wide
range of people of different statures and should fit their physical
capabilities. These anthropometric details are useful when determining
handle length, grip span, tool weight, and other pertinent factors (Carson,
1993).
Reduction of the number of repetitions
The higher the number of repetitions for each individual task the
greater the muscle effort that goes into it. As the activity level increases,
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the energy demands of the muscle increases. The body responds to this
increased energy demand in several ways. The rate of breathing
(respiration) increases to bring more oxygen into the lungs. The heart rate
increases to circulate more blood to the working muscles. The working
muscles generate excess heat which is released by increased perspiration
and blood flow to the skin (Practical Ergonomics, 1991).

As the

performance rate increases the muscle has less time to recover. This causes
fatigue and can lead to injury. Usually if some part is tender or has been
traumatized earlier, the rate of degeneration leading to injury is
considerably faster (Vinger and Hoerner, 1986).
Researchers are trying to determine acceptable limits or limits of
safety for repetitious jobs. The number of repetitions can be reduced by
broadening the variety of tasks that each employee performs, rotation of
employees (as done in the Saturn plant), emphasizing the importance of
rest breaks to the employees and the importance of relief exercises, and
increase in the number of employees for difficult tasks (Carson, 1993).
Force reduction
Soft tissues do not recover fast enough when a large amount of force
is exerted. Additionally, tendons and nerves are stressed when held in
contact with hard and/or sharp edges (Turek, 1984). Force on the hand can
be reduced by using power tools with counterbalances, eliminating the
pinch grip and substituting a stronger whole hand grip, distributing the
force over as wide an area as possible, and providing custom-contoured
gripping surfaces that eliminate sharp and excessively hard edges (Carson,
1993).
Awkward postures
Tasks that require various parts of the body to be maintained in
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unnatural and awkward positions should be avoided. These unnatural
angles pose various kinds of biomechanical stresses to the joints and soft
tissues and lead to cumulative trauma disorders.

These unnatural

postures, combined with heavy loads, are one of the primary causes of lowback injury and several lower and upper extremity musculoskeletal
disorders (Practical Ergonomics, 1991).

Awkward postures can be

eliminated by maintaining the wrist in the neutral position (zero extension
or flexion and zero radial or ulnar deviation), limiting travel of elbows to
45°‘ 90°. To reduce anomalous postures the elbows should be bent at 90°‘
110° with respect to the upper arm and overhead activities, activities
involving reaching behind the back, and supination of the forearm should be
avoided (Carson, 1993).

TOOL SELECTION
Use of improper tools or misuse of power tools can lead to cumulative
trauma injuries. While gripping with the palm, the tool should be able to
distribute the forces over as wide an area as possible. The grip force should
not be concentrated at the center of the palm or on the fingers, lest it
become a risk factor for carpal tunnel syndrome and tendinitis. The tool
handles should span the palm and extend beyond the hand (Marras, 1993).
Tools requiring use of a pinch grip should be avoided, for example,
use of tweezers or pliers. Maintenance of pinch grip requires four to five
times more muscular effort than when the entire hand is used for gripping.
The combination of wrist deviation and pinch grip can cause carpal tunnel
syndrome. A tool that can be held by the entire hand must be used (Carson,
1993, Practical Ergonomics, 1991).
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Side forces exerted by the tool handle should be avoided. These side
forces on the fingers are dangerous, as are sharp edges and corners.
Repeated use can traumatize all the nerves and the blood vessels close to
the skin leading to permanent injury. Rounding of all sharp edges and also
rolling of the edges of any part of the tool or device that is in contact with
the human body reduces the chance of injury (Armstrong, et al., 1987).
There should be ample room for the fingers and the hand when using
scissor-type handles and gloves. For example, sufficient clearance between
the handle and the hand is preferred while using a handsaw (Practical
Ergonomics, 1991).
Finger grooves in the tool handles are very restrictive. These do not
span the entire population of tool users and the grooves do not
accommodate a wide range of hand sizes. As a result the fingers are now
resting on the edges of the grooves, thus increasing the possibility of injury
to the nerves and blood vessels on the skin surface.

Tools that have

textured or knurled surfaces are easier to hold and manipulate and reduce
grip force requirements, thus preventing injury (De Krom et al., 1990).
A slippery tool requires additional force to hold the tool in place.
Thus non-slip, slightly compressible material should be used where the tool
contacts the user. Very soft material will cause adherence of the debris to it
(Goldoftas, 1991). Feedback, which is an imperative part of tool usage, is
diminished by using softer materials. This may result in an unnecessary
exertion of pressure to complete the task (Carson, 1993).
Tools should be symmetric for use by both hands. Use of a righthanded and left-handed model is not cost effective, and in many cases tools
are held in the wrong hand, or in the wrong configuration causing
discomfort (Goldoftas, 1991).
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The selected tools should maintain the wrist in the neutral position.
The neutral position of the wrist occurs when there is no extension, flexion,
radial deviation, and ulnar deviation.

Unnatural postures with wrist

deviations can lead to carpal tunnel syndrome and tendinitis. Several job
functions may require different wrist positioning and subsequently more
than one tool is required for the job (Armstrong, et al., 1987).
Raised elbows cause muscle fatigue and pain. The tool should be
designed in such a fashion that the elbows are held close to the body
(Goldoftas, 1991).

GUIDELINES FOR POWER TOOLS
Some of the general guidelines for the power tool usage are (Practical
Ergonomics, 1991):
1) the breadth of pistol grip tool handle should be 2-3 in.,
2) cylindrical power tools should have a handle diameter of 2-2.5
in.,
3) the length of the handle should be at least 4 in.,
4) the base of the pistol-grip tool should be provided with a finger
stop,
5) finger grooves should not be present,
6) the handle should be located at the center of gravity of the
tool,
7) heavy tools (> 1 lb.) should be counterbalanced,
8) single button triggers should be avoided and thumb triggers or
lever type triggers should be used,
9) tools should be provided with torque and control monitoring
wherever applicable, and
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10) the air and power lines should be flexible and should not
hinder the operator.

FINAL SELECTION
Selecting a new ergonomic tool from several promising candidates is
best done through a multi-step process. The best possible way to select a
new ergonomic tool is to choose or develop one to three tools and evaluate
each one carefully. A visual check of whether all ergonomic requirements
have been met is essential. Employees should be allowed to evaluate the
tools for a trial period of at least two weeks. A written questionnaire must
be provided to each employee asking about the various intricacies of the tool
and should include the employee’s comments about the tool.

The

questionnaire should contain questions about the tool’s comfort and
performance. Once all the information has been gathered and analyzed, the
new tool can be implemented.

TRAINING
Proper training is one of the most crucial parts of ergonomic tool
selection. It is essential that all employees who use the tools receive proper
training.

The training should involve an introduction to ergonomic

principles and specific instruction on correct usage of the tool. The tools
have to be properly introduced into the workplace or the entire purpose of
the tool will be lost. It is difficult for employees to learn and use a new tool
and keep up the pace of the work on the assembly line but it will be even
more difficult if there is no explanation or demonstration of proper tool use.
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MAINTENANCE OF THE TOOL
The ergonomic qualities of the tool can be wasted if the tool does not
function properly. Therefore a thorough and organized tool maintenance
program is essential. For example, all cutting blades should be sharpened
or should be replaced when they become dull. The use of a dull cutting
blade requires more force on the part of the individual using the tool.
Torque settings should be inspected regularly to insure that proper torques
are being delivered. Wrong torques make it difficult to complete the task
and causes twist in the hand, thus extending the wrist suddenly. Springs
on two-handled tools should be working well. Defective tools, including
worn handles and broken parts, should be replaced immediately (Practical
Ergonomics, 1991).

TOTAL ERGONOMIC APPROACH
The total ergonomics program incorporates several other facets.
These are injury management, ergonomic analysis of existing and proposed
jobs, ergonomics training for all levels, and implementation of many
engineering and administrative changes. A comprehensive ergonomics
program has the following advantages: reduction in the incidence and
severity of injuries, decreased medical and workers’ compensation costs,
reduction in lost time, and improvement in productivity (Carson, 1993).

FLEXIBLE SHAFTS

Flexible shafts are used for power transmission in locations not easily
accessible to regular power transmission equipment. They are used to
transmit power to the driven elements that move during operation, going
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around corners or into machines, while allowing a high degree of freedom in
mounting drive units, such as electric motors. Flexible shafts (refer to
Figure 2.4) have been used for instrument drives and controls, speedometer
drives, and automobile power accessories, such as windows, doors, seats,
mirrors, and convertible hardtops.

They overcome problems of

misalignment, absorb and isolate vibration, and simplify power
transmission (Hotchkiss, 1992).
Flexible shafting is made by winding layers of wire in opposite
directions on top of each other. This core is then covered by a flexible outer
casing which serves as a sequence of support bushings for the rotating core.
Power can be transmitted either hydraulically or electrically, but flexible

Figure 2.4 Flexible shafts

shafts often can perform the same function just as reliably and at lower
cost. Although flexible shafts have been available since the beginning of the
century, manufacturers have continued to upgrade their capabilities and
expand their applications.
Flexible shafts are divided into two groups by manufacturers (S. S.
White Industrial Products, Suhner Manufacturing Inc.),--the remote control
and power drive type. Remote control shafts are usually powered by hand
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and are mostly bi-directional. An example is a control panel knob connected
to a component that is mounted away from the panel. Power drive flexible
shafts have maximum torque capacity when operated in the direction which
tightens their outer layer of wires. When operated in the opposite direction,
their capacity is reduced by 20%-50%.
Radius of curvature of flexible shafts
It is essential that the radius of curvature be greater than the
“minimum operating radius.” A flexible-shaft core forced to bend in too
small a radius can take a permanent set, which makes the shaft inoperable.
When the bend required in an application is sharper than the minimum
recommended operating radius the drive or load components should be
relocated.

The radius of curvature should always be large to obtain

maximum torque capacity. The bend radius of the flexible shaft is
R = (X2 + Y2)/(4Y)
where R = bend radius, in.; X = shaft distance without bends, in.; and
Y = parallel offset, in. The length of the flexible shaft needed, Z is
Z = (R/28.6) x [arcsin(X/2R)]

TYPES OF FLEXIBLE SHAFTS
Power drive flexible shafts
Power drive flexible shafts are generally used in applications where
the speed of operation is greater than 100 rpm. The flexible shafts are
usually clamped 18-24 in. from each end of the flexible shaft assembly. The
unsupported length should be clamped every 24-30 in. to prevent helixing
(tendency to loop) of the flexible shaft.
The power drive core (Figure 2.5) usually consists of four to eight
high tensile wires per layer. It is used in standard applications, for
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Figure 2.5 Power drive core

example, in power transmission in machinery (for grinding, drilling and
milling machines, packaging machines, and printing presses), power seat
movement, power tools like electric screwdrivers, concrete vibrators, etc.
Drive shafts must be capable of almost infinite positioning in confined
space.

A typical six-way seat is driven by a single motor-the entire

assembly is simple, reliable, and inexpensive compared to other power
transmission devices. The main features of the flexible shafts are operation
at high speeds (rpm), flexibility, and ability to absorb shock and vibration
(Hotchkiss, 1992).
Remote-control flexible shafts
Remote-control flexible shafts (Figure 2.6) are usually made of four to
twelve high tensile wires per layer. The most common applications are in
remote control of valves, filling machines, adjustable seats and machinery
gauges, etc. The main features are low torsional deflection (as low as 0.2
degrees per foot of shaft), bi-directional operation, and high break torque.
These shafts are primarily used for transmitting high torque at relatively
low speed.
In most remote control applications “lag” between the control and the
controlled elements is permissible. This holds true for either direction of
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Fig 2.6 Remote control core

rotation, because operation in both directions is usually required.
Operation should be smooth and easy, and the shaft must be free of any
tendency to “jump” (Hotchkiss, 1992).
Speedometer core
The chief application of the speedometer core (Figure 2.7) is in
speedometers, counters and general power transmission. The features of
great flexibility, quiet running, and low vibration is achieved by precision
winding of evenly distributed wires and special heat treatment.

Figure 2.7 Speedometer core
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Hollow core
The primary application of the hollow core flexible shaft (Figure 2.8)
is transmission of rotary power with electrical or optical wires guided
through the middle. The important features of the hollow core shaft is that
it is hollow inside and there is a tremendous reduction in weight, very
smooth rotation, and is extremely flexible (Suhner Manufacturing Inc.,).

Figure 2.8 Hollow core

ADVANTAGES OF FLEXIBLE SHAFTS
Flexible shafts are popular for at least two reasons: 1) manufacturers
continually upgrade their designs with improved materials such as the heat
resistant or corrosion resistant stainless steel core and 2) many shafts are
easily customized for special jobs at a reasonable cost. Moreover, they have
a number of standard attributes that keep designers interested in applying
them.
Greater freedom in locating components
Flexible shafts transmit power over a distance, at angles, and around
corners.

The driven component can be located in the most convenient

position and controlled from a central point.
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Lower initial and maintenance costs
In a complex transmission path, flexible shafting eliminates the need
for gear boxes or other relatively expensive mechanical components.
Reduced number of components lower the initial expense and maintenance
costs.
Unaffected by relative motion
Flexible shafts are extremely useful for portable driven tools such as
post-hole diggers due to its continuous power transmission capabilities.
This also eliminates the necessity for the operator to carry the heavy
equipment.
Simplifies installation
Accurate alignment is not required for smooth power transmission in
flexible shafts. This results in less-complicated, less-expensive designs that
reduce installation time and costs.
Ability to withstand vibration
Flexible shafts are used in applications where vibration transmitted
through a rigid shaft can damage machine hardware. Examples of such
applications are concrete vibrators and vibration testing tables.
Special constructions
Flexible shafts are constructed from a variety of materials for specific
applications. Some operate at temperatures above 1000°F where hydraulic
systems are useless, for example, on certain controls in jet aircraft.
Safety
Exposed universal joints are absent in flexible shafts and as a result
they are safe for installation near operators.

Also, costly and clumsy,

removable guards are often not needed in other dangerous locations.
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Shock and earthquake resistant
By their very nature flexible shafts are resistant to shock and
vibration. For this reason, the U.S. Navy specified flexible shaft controls for
emergency valves on ships. If a vessel is hit by a torpedo, though the
bulkhead might give, the valve controls would still operate.
Combination push/pull
Remote-control operation combines push/pull and rotary motion for
remote-control operation, making it applicable for a wide variety of
mechanical control applications such as marine lamps.

DISADVANTAGES OF FLEXIBLE SHAFTS
Flexible shafts have a lot of design and performance limitations
(Hotchkiss, 1992).
Extremely tight bends
Flexible shaft cores can assume a permanent set in extremely tight
turns and subsequently the shaft becomes inoperable.

The figures in

Appendix D show a minimum radius of curvature for each size core for both
the manual remote-control core or power-drive applications. As the bend
radius decreases, the torque capacity drops for specific operating speeds.
Relocation of the drive or loading components is the most probable solution
when bend radii lower than the minimum operating radius is required
(Hotchkiss, 1992).
High power or torque requirements
For general use, standard flexible shafts with 1.25 in. diameter cores
can transmit up to 10 hp. Rated capacity can be increased to 20 hp by using
special materials or operating it intermittently.

Torque is usually the

limiting design factor. For speeds less than 100 rpm, remote-control cores
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are used. They are much stiffer and stronger, but less flexible than powerdrive cores. A one-and-five-eighth inch core can transmit up to about 4,000
lb-in. of continuous torque, and the ultimate or breaking torque is at least
double this figure.
Besides starting torques, overload or shock-load torques must be
considered. This is especially important where the flexible shaft is not
strong enough to transmit the full output torque of the power source
(Hotchkiss, 1992).
High speed
As the core rotates, heat develops between the rotating core and
casing, as well as between the wires within the core. Heating also occurs
with torques greater than rated values which results in wear of the shaft.
Speeds higher than rated operating speeds at lower torques lower the life of
the flexible shaft.
High ambient temperature
Standard neoprene rubber covered flexible shafts are used at ambient
temperatures upto 250°. Stainless steel flexible shafts can withstand up to
1000°F. For higher temperatures, Hastelloy or titanium is used.
Deflection requirements
Flexible shafts by their very nature are prone to torsional deflection.
Deflection can be avoided by oversizing or suitably shortening the flexible
shaft. For example, a 1.25 in. diameter core deflects about four degrees per
foot length with 2,000 lb-in. of applied torque, and about half at 1,000 lb-in.
Some bi-directional cores are designed in such a manner to have equal
deflection for turns in either direction.
Stringent life requirements
Standard flexible shafts are designed to operate a minimum of 100
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million cycles at rated speed, torque, and at the minimum radius of
curvature (at 300 rpm, this is about 5,500 hr). For some applications,
considerably lower-cost materials can be used.

Fatigue life depends

primarily on torque, speed, and operating radius. For unusually long-life
applications, a larger shaft diameter can be used. An alternative is to use
special core made of higher quality wire and a high-precision, moreexpensive fabrication method.

THE ELECTRIC TORQUE GUN

The electric torque gun commonly used for the door bolting operation
is the ETV G type gun (refer to Figures 2.9 and 2.10) manufactured by the
Atlas Copco Corporation. They manufacture a wide range of tightening
tools powered by brushless electric motors using electronic drive units. The
TENSOR controller is required for the operation of all electric nut runners.
The tool should be connected to the appropriate controller which is
connected to the mains, 220 V/50 Hz single phase. The correct combination
of the tool and controller should be used. There is a soft start function
which can vary the duration of the start between 0 and 1 second. For
operating safety and accuracy it is important that the nut runner is
correctly set within its intended torque range.
The electric torque gun is either a mechanical clutch tool (refer to
Figures 2.9 and 2.10) or a control tool.

In the control tool there is a

feedback loop which cuts off the power to the device, while in the clutch tool
the mechanical clutch slips to mechanically deactivate the tool. Figure 2.11
shows the two types of handles for the electric torque gun the normal or N
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Fig 2.9 Cross section of right-angled driver of ETV A MC and ETV G
MC torque gun
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F igu re 2.10 C ross section o f the m otor u nit o f the E T V A an d E T V G
torque gun
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T able 2.1 L ist o f com m on parts for the E T V A and G m odels
Part num ber
1
3
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Name
Angle head 3/8”
square drive
Angle head
Needle bearing
Angle gear
P inion gear
B evel gear
Spring
R etainer pin
Pin
Ball bearing
Ring
O-ring
Nut
Seal ring
needle bearing
Spacer
Ball bearing
Nut
Nut
Circlip
Ball
O-ring
Coupling ring
Ring
R oller
Coupling ring
Stop pin
Spring
Stop pin
Guide ring
Circlip
Spacer
Clutch
Adjustm ent kit

Part num ber
40

Name
Adjustment w asher

41
42
43
44
45
46
47
48
49
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
73
74
75
76
77
78

Interlocking disc
Casing
Data ring
Casing
L ock ring
Ring
Circlip
Ball bearing
Washer
End plate
Ball bearing
M otor casing
R otor
Ball bearing
Spring washer
End plate
Pin
Isolation
Nut
Spring
Angle part
Pin
Guide
Spring
Bearing needle
Pin
Switch holder
Switch assembly
Switch assembly
Cable-earth
Isolation
Adjustm ent brack et
Screw
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Ifnntnil

R-HANDLE

Figure 2.11 Cross section of the two types of handles of the torque
gun
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handle and the revised or R handle. The trigger activation mechanisms
also vary according to the type of the handle (refer to Figure 2.11).
Mechanisms of the ETV G MC tool
The mechanical clutch tool has a clutch located between one set of
planetary gears and the motor. It consists of three rollers, two halves over
the rollers, a stop pin, and a spring (refer to Figures 2.9 and 2.10).
Activation of the trigger starts the motor and the applied torque overcomes
the spring tension and this is translated into a rotary motion of the spindle
containing the tool extension through various sets of gears.
When the torque seats, a mechanical clutch is activated and this
stops the power to the driven unit. There is a pin (41) that extends through
the planetary gears and clutch. This pin is aligned with a stop pin (32)
opening near the right angled driver (refer to Figures 2.9 and 2.10 and table
2.1).

When the power transmission stops the long pin moves forward

cutting contact with the microswitch.
The working of the trigger is as follows (refer to Figures 2.10 and
2.11). The trigger mechanism has a push pin (69) which when pushed
activates a bearing needle (68) which rides on a small piece of metal that
pushes on the micro switch (74). At the end of the travel of the push pin,
the piece of metal activates the micro switch which then activates the motor
unit.
The control tool has no clutch. There is a strain gauge located behind
the angular drive head. This strain gauge is part of a Wheatstone’s Bridge
that detects the torque and converts it to a voltage. There are specific
controllers (called Focus 1000 and Focus 2000) that are programmed for
minimum, initial target values and final target values of torque (read as
voltage values).

Once the programmed final target level is detected the
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controller shuts off power to the tool. Thus the control tool accomplishes
communication from the motor unit of the tool to the driver, motor unit to
the controller, and between the driver and the controller.
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CHAPTER 3
STATEMENT OF THE PROBLEM

The problem briefly stated was to provide job accommodations for S
(subject) who had been diagnosed with lateral epicondylitis.

She was

originally a member of the Doors team at the Saturn plant and could not
perform many of her duties due to her limitation. Our task was to identify
the jobs that aggravated her injuries and prevented her from returning to
her team. Once these jobs were identified, the next step was to design,
build, and evaluate job modifications which would enable her to perform
them without any aggravation of her injury.
The medical and functional evaluation began with a detailed
interview of S. It included questions concerning the specific assembly line
task or tasks to which she felt the injury could be attributed; medical
diagnoses, current symptoms and limitations; activities of daily living that
aggravate the injury; and any underlying medical conditions that could
have made her susceptible to her task-related stressors (for example,
diabetes is a risk factor for carpal tunnel syndrome). Medical records were
obtained and detailed discussion with Dr. Ralph Hanson at the Initial Care
Facility confirmed S’s medical condition.

DESCRIPTION OF THE INJURY

As noted above, S had right lateral epicondylitis. This conclusion was
drawn from our own investigations and from her medical records. The
factors that made S the ideal candidate for the project were: 1) she had an
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upper extremity disorder that was relatively frequent among assembly line
workers, 2) she was enthusiastic about overcoming her restriction, 3) she
was interested in returning to the team where she first reported her injury,
and 4) she was popular amongst her team members who wanted her to
return to the Doors team.

CURRENT OPERATIONS IN THE DOORS TEAM
Door Subassembly
The two operations in the Doors team (refer to Figure 3.1) are
subassembly of doors and attaching the doors to the space frame. The doors
are pulled from a skillet that travels offline (hatched portion in figure 3.1),
and they slide into a stationary fixture. The worker clamps the doors into
position by activating palm buttons. The skillet without the doors is sent on
its way by operating a foot lever. This operation is done for both the front
and rear doors. Then an automatic subassembly unit bolts the door hinges
to the doors. The clamps are released and the doors are now ready to
receive the mobile fixture (Figure 3.2) to carry the doors to the space frame.
The entire operation of door subassembly is performed by one operator.
Door mount operation
There are two operators who bring the empty mobile fixture (seen in
Figure 3.2) toward the station where the doors have been subassembled.
Figure 3.2 shows the guide pins needed to locate the mobile fixture relative
to the subassembled doors. The levers shown in Figure 3.2, clamp the doors
to the mobile fixture.

The operators maneuver the air-assisted

counterbalanced mobile fixture toward the space frame. The air assist is
set to “neutral” when the doors attach to the mobile fixture.
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Figure 3.1 Floor layout of the Doors module with the door
installation operation circled
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Figure 3.2 Door mount fixture
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The mobile fixture (shown in Figure 3.2) carries both the front and
the rear doors (refer to Figures 3.3 and 3.4) for one side of the car. The
locator pins align the mobile fixture with the space frame and manual lever
operated clamps are used to fix it firmly to the space frame. There are two
operators who bolt the door to the space frame, one for the front door and
one for the rear door (refer to Figures 3.1, 3.3, and 3.4). Figure 3.3 shows
the four bolts (Bl, B2, B3, and B4) for the front door. The usual sequence of
operation followed for bolting the door to the space frame is
B l - B 4 -B 2 -B3
or
B 2- B 3- B 4-B 1
Once bolting is completed the levers are released and the empty mobile
fixture is then removed from the space frame.

The next sequence of

operations is ready to be performed.

INJURY AND ASSOCIATED PROBLEMS
Dr. Douglas Wilburn of the Bone and Joint Clinic in Columbia,
Tennessee diagnosed S’s condition.

Her diagnosis was subsequently

confirmed by Dr. Ralph Hanson at the Initial Care Facility in the Saturn
plant and Dr. Robert Tooms at the University of Tennessee Campbell
Clinic. Dr. Tooms described her condition as asymptomatic at the time of
his evaluation. He recommended work station alterations to diminish
torque on wrist extensors and finger flexors of the right upper extremity.
Tasks performed by S at the time of her injury
The Doors team was the station where S showed the initial symptoms
of epicondylitis.

This involved door “subassembly” and door mount

operations. She told the members of The University of Tennessee
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Figure 3.4 Rear door installation

(UT) research team, during the preliminary interview phase in October
1994, that she found the recoil (kickback of the gun once the bolt seats) to
be painful. The other task that she found difficult was loading the bolts into
the end of the gun. During the bolt loading operation the weight of the gun
is supported by her right arm. She said that she adapted to the problem by
partially supporting the gun with her left thigh while loading bolts.
Evolution of her symptoms
In the period between 1991-1992, S felt pain near her elbow while
performing her tasks with the Doors team

She continued in the Doors

team and after a year the symptoms became more persistent. She was now
awakened during her sleep by pain and numbness in her hands and this
could only be alleviated by hanging her hands over the side of her bed. She
found it difficult to perform her duties as all tasks aggravated the pain.
In 1992 before she was started on medication she could not even use
a can opener nor could she lift a coffeepot by herself. At this writing she is
able to perform these tasks but is still not able to perform tasks that involve
the repetitive use of her right arm. She is unable to operate any power tool.
Any activity that causes discomfort in the elbow leads to numbness,
extending all the way from her elbow to her fingertips. At night, it was
necessary for her to hang her arm from the side of the bed in order to
restore circulation and experience relief. Her elbow feels tender to the
touch but swelling is rarely present.
At present she finds all repetitive activities involving tugging or
pulling causes her pain. She was unable to perform any activity in her
team as the pain once aggravated remained persistent through all the other
tasks. The possibility that some of the other tasks may have aggravated the
pain still further cannot be discounted.
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MEDICAL HISTORY
The volunteer (S) is a 44 year old white female, right hand dominant.
Her initial visit to the physician in February 1991 was due to a twisting
injury sustained when she got her glove caught in a machine and injured
her left index finger. There was a possibility of fracture of her middle
phalanx. The physical examination revealed that she was tender around
the PIP joint, and she had equal radial and ulnar and volar aspects. Her
range of motion was from 10° to 80°. The X-rays revealed no fractures.
Subsequent examinations revealed that she had pain in the PIP joint
of her index finger. This was most marked over the volar plate and over the
radial collateral ligament. She was asked to perform some range of motion
exercises. These exercises were to continue for about three to four months.
In August 1992, she returned to the physician with pain in her right elbow.
This pain had been bothering her for several weeks and they were
aggravated by work activities. Her physician, Dr. Douglas Wilburn, noted
that there was a lot of stressful pulling and tugging in her work which
seemed to aggravate her injury. She was point tender over the lateral
epicondyle which was aggravated by resisted extension of the hand as well
as passive flexion of the hand. She was found to be neurologically intact.
She was given a neoprene brace for her elbow, and she started physical
therapy regularly and was also started on Relafen (an anti-arthritic). She
was asked to seek temporary replacement to a less stressful station.
After three weeks (September 1992) she showed no improvement in
the tenderness around the lateral epicondyle on the right elbow. She was
taking Relafen and she was attending the physical therapy sessions
regularly. An X-ray revealed a minimal spur about the lateral epicondyle.
The lateral epicondylitis was diagnosed to be slowly resolving and she was
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switched to Voltaren (an anti-arthritic). The following checkup (October
1992) revealed an improvement in her right lateral epicondylitis but she
remained on short-term restriction performing light duty tasks. She still
complained of some discomfort over her elbow and she was asked to
continue her medication and therapy.
Her elbow improved over the next three months (January 1993) and
she was still continuing her medication though the dosage had been
reduced. The subsequent follow up showed some improvement and this
follow up occurred before she was transferred to the new team. Dr. Wilburn
encouraged her to use a brace, keep ice on it, and take Voltaren
intermittently.
Currently, she avoids the use of all power tools in her present team.
She has been a part of the UT-Saturn project since June 1994.

WORK HISTORY AND CURRENT STATUS
The original team where S reported her injury was the Doors team.
Between 1991-1993, when she was in the Doors team, she had to
subassemble one door at a time during the course of her rotations. In the
door subassembly operation the operator pulled the door from a moving
skillet and bolts the hinges to the door. This operation required the use of a
standard electric torque gun (refer to Figure 3.5A). The other operation
performed in the Doors team involves carrying the subassembled door to the
space frame. This is done by means of a counterbalanced mobile fixture.
The fixture is then located on one side of the space frame (the load
supporting chassis of the automobile) and then each door is bolted to the
space frame by means of an electric torque gun (refer to Figure 3.5B).
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B

Figure 3.5 The bolt loading operation and door bolting operation

For the 1995 model and the current model, two doors are
subassembled at the same time and are carried together by a
counterbalanced fixture to one side of the automobile. The subassembly
operation is now done automatically. The operator positions the door and
hinges and then activates palm buttons which activate four guns to bolt the
hinges to the doors. The bolting of the doors to the space frame is done by
two operators, one for each door.
The candidate S due to her inability to perform some of the Door’s
team operations was placed on short-term restriction and was subsequently
placed in different teams where she performed light duties.

She is

currently in a team where she is not required to handle power tools. In
order to protect the identity of the candidate and in keeping with Saturn’s
interests the candidate’s current team and work history are not explained
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in full detail.
LOADS DUE TO THE ELECTRIC TORQUE GUN
Figure 3.6 shows the electric torque gun used in the Doors team. It’s
weight is 6 lb. The entire weight of the gun is supported by the hands of the
user. Usually the operators use both hands to support the gun while bolting
(refer to Figure 3.5B). When the worker loads a bolt into the end of the gun,
the entire gun is supported by one hand (refer to Figure 3.5A). In this case
the entire weight and moment of the gun are transmitted through the hand
holding the gun. The resulting concentration of load at the elbow was
diagnosed to be one of the primary causes of epicondylitis. In some cases
the worker supports the gun on the contralateral thigh while loading a bolt
into the head of the gun. This reduces some of the load on the arms while
loading the bolts.

Figure 3.6 The ETV electric torque gun

Loading the bolt into the end of the gun and the bolting operation
introduces two moments in the arm. The load due to the gun requires the
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extensor muscles to exert an extensor moment at the tendon (of the
extensor muscles) crossing the wrist. There is also a supination moment
which acts on the pronated forearm to resist the pronating force due to the
external load. The loads at the lateral epicondyle due to these moments
were calculated by modeling each muscle individually.

INJURIOUS TASK IDENTIFICATION

The injury and task identification process involved three distinct
stages. First, the Doors team operations was captured on videotape. The
University of Tennessee (UT), Memphis students observed and performed
the target assembly line operations themselves. The second step involved
clinical evaluations carried out at the UT Memphis Campbell Clinic and the
UT Rehabilitation Engineering Program (UTREP).

This included

evaluation of S by a Physical Therapist, an Occupational Therapist, and an
Orthopedist. The final step involved static postural analysis of the tasks
performed by the operator.
Simulation of tasks
In order to obtain directly the most relevant information on S’s
condition, assembly tasks were simulated in the Human Function Research
Laboratory (HFRL) at UTREP (refer to Figure 3.7). This involved setting
up a Saturn (1995 model) space frame, doors, deck lid, and other
components and tools. A system of hoists and supports permit the vehicle
to be raised to levels necessary for both floor level and overhead tasks (refer
to Figure 3.7). The volunteer (S) was requested to perform the motions
required by tasks, to the extent she is able, in order to elicit her detailed
comments.
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Figure 3.7 The space frame in the Human Functions Laboratory

Qualitative videotape analysis
The University of Tennessee students captured on videotape the
Doors team operation on the plant floor (“Vehicle Assembly” section).
Explanatory narration was provided by current members of the team. The
video footage was viewed repeatedly by the UT research team that consisted
of a Physical Therapist, an Occupational Therapist, an Orthopedist, three
Biomedical Engineers, a Rehabilitation Engineer, and two Graduate
Research Assistants. The tape provided the team with a source of raw data
to which they could refer as needed.
The repeated viewing and qualitative analysis revealed the door
mount operation (where the door is mounted to the space frame and bolted
to it) to be potentially difficult for S. The gun (which weighed 6 lb.) was
supported by both hands while bolting and was supported by only one hand
while loading the bolts into the end of the gun. The UT research team felt
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that this concentration of weight could be difficult for S. Further the team
noted that there was a recoil (kickback of the gun when the bolt seats)
which causes wrist extension or flexion.

Dr. Kasser (the Physical

Therapist) felt that the recoil could be a source of discomfort for her as the
supinator muscles and extensor carpi muscles originate from the epicondyle
or epicondylar ridge (refer to Review of Epicondylitis in Chapter 2).
The subject (S) was requested to record her comments on the video
footage. This gave the team all the details on task execution, tool handling,
postures adopted, and the discomfort she felt on each task. She confirmed
the analysis made by the team by pointing out that the door mount
operation was the one she found most difficult.
Clinical examinations
The clinical examinations were necessary to refine the UT research
team’s understanding of S’s injuries and functional restrictions. She was
evaluated by a Physical Therapist (Dr. Richard Kasser), an Occupational
Therapist (Ms. Mary Lloyd) and an Orthopedist (Dr. Robert Tooms). The
evaluation phase occurred between February 1995 and April 1995 and all
examinations were carried out at the UT Memphis Campbell Clinic and at
the UTREP. All the clinicians confirmed the diagnosis of S’s personal
physician and the physician at the Saturn plant.

They suggested a

reduction in the torques that she experiences while performing tasks on the
Doors team.
During physical therapy the functional capacity of the power grip and
key pinch grip was evaluated (refer to Figure 3.8). The range of motion of
the wrist was examined. Further, Dr. Tooms made suggestions about the
engineering designs required to avoid discomfort.
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Neutral Power Grip
(side view)

F igu re 3.8 R ep resen tation o f th e pow er grip

63

Mannequin postural analysis
The third component of the testing protocol involved a software
package called Mannequin (version 1.0 developed by the Humancad
Corporation in 1994). The need to capture worker postures quantitatively
during static kinematic simulation of assembly line tasks in the Human
Function Laboratory led to the identification of this program which allows
the positioning of a correctly proportioned anthropomorphic figure as a way
of “sketching” a human subject (refer to Figures 3.9 and 3.10). It provides
readouts of all joint angles and can calculate the load across any joint if
static loads are applied anywhere on the model. Mannequin provides a
graphical display of joint torques and a comparison between the torques at
a joint on either side of the body.
Figures 3.9 and 3.10 show the “sketched” figure. For example the
right hand is noted to be at the level of the pelvis (which will serve as a
reference point). The elbow and upper arm are manipulated accordingly to
capture the posture of the right upper extremity of the operator. Prominent
anatomical landmarks are chosen and the location of the extremities with
respect to those landmarks determined. The distances and angles of the
various parts of the body with respect to one and another and also with
respect to those landmarks are determined and incorporated into the figure.
In summary, the outcomes of all the functional evaluations tended to
confirm the UT research team’s impression that the task which needed to
be modified was the door mount operation.

It was clear from the

accumulated data that a person with right lateral epicondylitis could not
operate the electric torque gun without aggravation of her condition. Load
calculations using the statics model were carried out next to estimate the
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L e f t side view o f S
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Figure 3.10 Left side view of S showing the bolting operation
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loads at the lateral epicondyle and to provide a quantitative basis for design
efforts.

STATICS MODEL AND ELBOW LOAD CALCULATIONS

Summarizing briefly from Chapter 2, the primary muscles involved
in extension of the wrist are the extensor carpi radialis longus, extensor
carpi radialis brevis, and extensor carpi ulnaris. Of these the extensor carpi
ulnaris, and extensor carpi radialis brevis have origins in the lateral
epicondyle. The muscles of supination are the supinator and the biceps.
The supinator has its origin in the lateral epicondyle (Brand, 1985).

SINGLE MUSCLE ANALYSIS
The simplest case to consider is a single muscle involved in resisting
an external force. This simplification has been used widely in the literature
for two-dimensional force analysis of the musculoskeletal system (Morrey,
1985). Our analysis calculates the torque for the worst case condition, that
is, when S is loading the bolts with the tool cantilevered from the right hand
unassisted by the left thigh (similar to Figure 3.5A). The forearm and wrist
for the worst case condition are assumed to be in the midprone position (the
elbow flexion/extension axis at 45° to the horizontal reference plane). The
subject (S) holds the gun with her right arm and loads the bolt with her left
hand. The moments due to the weight of the gun causes an extension
moment and a supination moment. The weight of S’s forearm and hand
acts at the center of gravity of the arm. The forces representing weight of
the forearm and hand (Wa ) and load on the hand (Wt) act downward
causing clockwise moments. To maintain the arm in position to complete
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the loading operation an extension torque is needed to prevent wrist flexion
and a supination torque is required to prevent pronation of the forearm.
Muscles involved and the axes of rotation
In this analysis, only the muscles which originate on the lateral
epicondyle and are involved in supination of the forearm and extension of
the wrist are considered. The three muscles are the supinator, extensor
carpi radialis brevis, and extensor carpi ulnaris. The wrist flexion/extension
axis passes through the wrist joint and is perpendicular to the axis for
radial or ulnar deviation. The axis for forearm pronation and supination
passes through the convex head of the radius in the proximal radio-ulnar
joint and through center of the convex articular surface of the ulna at the
distal radio-ulnar joint (refer to Figure 3.11). The axis is therefore slightly
oblique to the longitudinal axis of forearm.
Calculation of moments
The moment arms for the forces acting along the three muscles are
calculated with respect to the wrist extension/flexion axis and the axis of
pronation/supination. Moment arm is the perpendicular distance from the
projected muscle force to the center (projected axis) of rotation.

The

moment arm for wrist extension for the two extensor muscles is the
perpendicular distance between the point where the tendon crosses the
wrist and the extension/flexion axis. This moment arm is calculated as the
perpendicular distance of the muscle from the wrist extension/flexion axis
on a plane perpendicular to it. The moment arm for supination is the
perpendicular distance from the center of the convex head of the radius at
which rotation occurs to the projection of the supinator muscle on a plane
perpendicular to the supination/pronation axis.
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Notation
Let L = length
W = weight
1 = center of gravity
z = moment arm
F = force
H = height
The subscripts are A-arm (forearm + hand), H-hand, F-forearm, U-upper
arm, t-tool, SU-supinator, ECRB-ex/ensor carpi radialis brevis, and
YiCl]-extensor carpi ulnaris.
Anthropometric details
The anthropometric details for the Mannequin model representing PH were
obtained from studies carried out by Dempster in 1961 (refer to figure 3.12).
The subject (S) belongs to the fiftieth percentile heavy type female based on
her height of 64 in. and her weight of 130 lb. The anthropometric details
are:
Weight of the hand Wh = 1.18 lb.
Weight of the forearm Wf = 2.94 lb.
Weight of the upper arm Wu = 4.69 lb.
Total weight of the forearm and hand Wa = Wh + W f
= 1.1753 + 2.9437
WA = 4.1189 lb.
Length of the forearm (from elbow flexion/extension axis to wrist
extension/flexion axis) Lp = 9.24 in.
Length of the hand (from wrist extension flexion/extension axis to
fingertips) Lh = 6.84 in.
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Distance of the center of gravity of the hand 1h from the wrist axis
= 50.6% of hand length
= 3.46 in.
Distance of the center of gravity of the forearm lp from the elbow axis
= 43% of forearm length
= 3.97 in.

DETERMINATION OF CENTER OF GRAVITY
The center of gravity of the arm (forearm and hand) is calculated
when the forearm and the hand are at 90° to the upper arm (refer to figure
3.13). The center of gravity of the arm varies only slightly with elbow
extension/flexion as long as the abduction and adduction of the elbow is
very small. When the angular variation of the elbow angle from neutral
(90° to the upper arm) is large, the location of the center of gravity of hand
and forearm also changes slightly (Cochran, 1982).
Center of gravity
Define
X = distance from elbow/flexion axis to center of gravity of arm and hand
(refer to Figure 3.13)
1H = 0.506 x Lh
1H = 0.506 x 6.84
= 3.461 in.
1h from the elbow axis (do) = Lp + 3.461
= 9.24 + 3.461
= 12.701 in.
Ip = 0.43 x Lf
If = 0.43 x 9.24
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Ip = 3.9732 in.
Wa x X = Wh x Ijj + Wp x lp
4.1189 x X = 1.1753 x 12.701 + 2.9437 x 3.9732
= 26.6234
X = 26.6234/4.1189
= 6.4637
So the distance of the center of gravity from the elbow axis is 6.4637 in.

MODEL FOR CALCULATION OF MOMENT ARMS
Calculation of force at the lateral epicondyle for wrist extension
As mentioned earlier the load is calculated at the lateral epicondyle
for the three muscles. Figure 3.14 shows the model used to calculate the
torque at the lateral epicondyle for wrist extension. This model attempts to
calculate the force provided by a single muscle at the lateral epicondyle by
assuming that (for this study) the wrist extensor muscle under
consideration takes all the load. The muscle and its corresponding moment
arm are projected on a plane perpendicular to the wrist extension/flexion
axis.
Let
F ecrb = force acting along the extensor carpi radialis brevis.

Hle = height of the lateral epicondyle above the horizontal reference plane
Hte = height of the tendon above the horizontal reference plane when it
crosses the wrist.
zecrb

= moment arm of the muscle acting at the tendon when it crosses the

wrist.
F ecu = force acting along the extensor carpi ulnaris
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Figure 3.14 Model for calculation of wrist extension moments at the
lateral epicondyle

Z ECU

zECU = moment arm for the extensor carpi ulnaris from the elbow/flexion
axis to the tendon crossing the wrist

zt = moment for wrist extension due to Wt and Wh (refer to Figures 3.15 and
3.16)
Wa is the weight of the forearm and hand acting at the center of
gravity and Wt is the external load acting at the center of gravity of the tool.
The hand and the tool are in the mid prone position, that is, at an angle of
0 (= 45°) to the horizontal reference plane (refer to Figure 3.16).
Let do = Lp + 1h
F ecrb x zecrb = [(Wh + Wt) x ztl x cos 0

- (3.1)

where 0 = 45° and
The expression for the moments for the extensor carpi ulnaris is similar:
F ecu x zecu = [(Wh + Wt) x zt] x cos 0

- (3.2)

Calculation of the torque for supination at the lateral epicondyle
Figures 3.17A and 3.17B shows the idealized model for the
calculation of the moments due to supination. Fs is the force acting along
the supinator muscle. It can be seen in Figure 3.17B that the moment for
Fsu can be calculated by projecting the muscle on a cross-sectional plane
perpendicular to the supination/pronation axis.

Using the above and

analogous nomenclature for the weight of the arm, location of the center of
gravity, external load, and moment arm due to the load, the load equations
are:
Fgu x zsu = (Wt x It)

- (3.3)

where zsu is the moment arm for the supinator from the center of the head
of the radius to the supinator muscle on the projected plane (refer to Figure
3.16) and It is the distance of the center of gravity of the tool from the center
of gravity of the hand (refer to Figure 3.15).
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Figure 3.17A Calculation of moments for supination of the forearm
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Figure 3.17B Projection on forearm cross sectional plane for
supination moment arm calculation

DATA COLLECTION

MANNEQUIN METHODOLOGY
The postures that S adopted while trying out the tasks in the Human
Function Laboratory were captured on video tape and analyzed using the
Mannequin software. During these experimental sessions, she was asked to
perform the door bolting operation using the ETV G 40 electric torque gun.
The static position that she adopted was studied and the joint angles and
orientation of her limbs were observed. The appropriate Mannequin model
was chosen and was manipulated to obtain a “rough” posture. Each part of
the body was studied in isolation and then its position relative to the other
parts were observed. Once this was done the corresponding mannequin
segment would be manipulated. This process involved iterating among the
previously rotated segments and adjusting them accordingly.

She was

asked to repeat her task several times during the manipulation process.
She did not have to maintain the posture for long as once a particular limb’s
position was obtained, she could rest while the mannequin segments were
being manipulated.

In this fashion the entire posture of the body was

manipulated to match the position held by the operator while bolting the
doors to the space frame.

EXPERIMENTAL METHODOLOGY
Data collection for the calculation of the moments for the three
muscles was done from a cadaver with anthropometries similar to that of S.
The measurements were done using an acrylic measuring scale and a
plastic protractor. The individual muscles were isolated and the points of
origin and insertion were noted.
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Horizontal reference plane = base of the ulna with the forearm and wrist
midprone
Height of the limb axis from the horizontal reference plane = 0.3937 in.
Extensor carpi radialis brevis

Height of the lateral epicondyle from the base of the ulna = 1.26 in.
Hte for extensor carpi radialis brevis = 0.866 in.
Length of the extensor carpi radialis brevis from lateral epicondyle to the
tendon above the wrist = 10 in.
Extensor carpi ulnaris

Hte for extensor carpi ulnaris = 0.748 in.
Length of the extensor carpi ulnaris = 10.5 in.
Supinator

Vertical reference plane passes through the lateral epicondyle
Height of the axis at the head of the radius from the horizontal reference
plane = 1.457 in.
Height of the axis of rotation at the ulna from the horizontal reference
plane = 0.551 in.
Length of the aligned supinator muscle = 4 in.
Perpendicular distance from the lateral epicondyle to point of insertion of
the supinator = 0.63 in.
Hle = 1-26 in.
Height of the point of insertion of the muscle from the horizontal reference
plane = 1.457 in.
Perpendicular distance between the radial end of the axis of rotation and
the ulnar end of the axis = 0.394 in.
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Perpendicular distance between radial end of the axis of supination and the
lateral epicondyle = 0.315 in.
Load calculation at the lateral epicondyle
The data obtained from the cadaver was plotted on a graph and the
moment arms were measured from it. The two extensor muscles are plotted
on the horizontal reference plane (Figures 3.18-3.19) while the supinator is
projected on a plane perpendicular to the supination/pronation axis (Figure
3.20). The moment arms are measured graphically. Figures 3.18-3.20 show
the graphs used for moment arm calculations. The individual moment arms
are
ZECRB
zecu

= 0.4766 in.

= 0.3559 in.

zsu = 0.0962 in.
The moment zt for wrist extension as seen in Figure 3.15 is 2.5 in. Using
equations 3.1, 3.2, and 3.3 the forces along the muscle acting at the lateral
epicondyle can be determined.
WA = 4.1189 lb.
Wt = 6 lb.
F ecrb = 26.63 lb.
F ecu = 35.66 lb.

Fsu = 405.41 lb.
Thus the net force due to the three individual muscles causing wrist
extension at the lateral epicondyle when S loads the bolts is
F = 467.70 lb.
It should be pointed out that the worst case scenario was chosen and
the model developed based on this. These figures represent the force at the
lateral epicondyle for S. There are other muscle groups that do play a role
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in wrist extension and forearm supination but as these muscles are
considered in isolation their effect is neglected.

DESIGN GOALS: INTENDED REDUCTION IN THE MUSCLE
LOADS AT THE ELBOW

The primary load on the users hands is the weight of the gun. Since
this load is borne by both the hands the weight is distributed equally
between them. When the bolts are being loaded into the end of the gun the
external load on the dominant arm (right arm in the case of S) is 6 lb. For
reasons of safety, the worst case conditions were adopted and an 6 lb. load
was assumed to act on the right arm while loading the bolt into the end of
the gun.
Measurements of loads at either end of the tool
The loads experienced on both the right and left arms (refer to Figure
3.5B) were measured using force transducer. The load at the end of the tool
felt by the left hand is 4 lb. The load at the right hand at the trigger end of
the gun is also measured to be 4 lb while performing the bolting operation.

EXTERNAL LOADS AT THE ELBOW OF THE USER’S RIGHT ARM
The first primary aim is to reduce the external load due to the gun
from the users hands. The aimed reduction in the external load is 50%.
This means that the electric nut runner which they use on the assembly
line will be supported by mechanical means. The electric nut runner could
be supported on the fixture or by some sort of wearable accommodation.
The secondary aim of this design could be to free the left arm to experience
no load or to use it to merely hold the gun in position.
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NEUTRAL POSITIONING OF THE FOREARM AND HAND
The aim of the design was to maintain the arms and wrist as close to
the neutral position as possible. The factor which contributes to the elbow
forces is the weight of the forearm and the weight of the hand. The forearm
and the hand together weigh 4.11 lb. This load cannot be reduced and
hence for the easiest position, that is, no load on the hand and the forearm
and hand held vertically down, the elbow joint has a reaction force equal
and opposite to the weight of the hand acting downwards. The moment arm
due to the weight of the hand can be reduced by the forearm and the upper
arm being held vertically down.

MUSCLE FORCES AT THE ELBOW WHILE LOADING THE BOLT
The muscle forces at the lateral epicondyle varied from 26 lb. to 35 lb.
for the extensor muscles and 405 lb. for the supinator muscle. The aim was
to reduce the muscle forces at the lateral epicondyle.

If the gun is

supported by mechanical means then the loading problem could be greatly
reduced as half the weight of the gun is now supported by the mechanical
ground. This will also eliminate the supination moments as the dominant
arm has no supination moment that counteracts the pronation of the
forearm. It can be seen that the torques for both extension and supination
are very large and hence they have to be reduced greatly. The goal was to
reduce the wrist extension moments at the lateral epicondyle by 40%. The
supination moments had to be eliminated.

FORCES DUE TO THE RECOIL OF THE ELECTRIC NUT RUNNER
The final design objective for modification of the door mounting
operation is the transfer of the recoil of the gun to the ground via the door
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fixture. The recoil occurring as a result of the bolt seating is absorbed by
the hand which resists either flexion or extension depending on which way
the tool extension is spinning. The goal was to provide a different path for
transmitting the recoil through the door fixture and not through the
skeletal structures of the body.

SUMMARIZED DESIGN OBJECTIVES
In summary the design objectives, as far as the reduction of the
injurious forces on the hand are concerned, are:
1) 50% reduction in the external load on the right hand (for a right handed
person),
2) reduce the supination moments that counteract the pronation o f the
forearm due to the external load,
3) develop the design to utilize the left arm for positioning and not support
loads,
4) maintain the arms and the wrist as close to the neutral position as
possible in order to reduce the moment arms due to the weight of the hand,
5) 45% reduction in the wrist extension forces at the right lateral epicondyle
while performing the bolt loading operation, and
6) transmitting the recoil to the ground via a path not involving the skeletal
structures or other constituents of the body.
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CHAPTER 4
DESIGNED MODIFICATIONS AND DELIVERED
SOLUTIONS

Several methods were used to solve the design problem. The chief
ergonomic stressors to be addressed were the weight of the gun and the
recoil of the gun. There existed some simple solutions that could solve one
part of the problem while there were others that could solve both the weight
and the recoil problem but were very complex and hence were not cost
effective.
The design process consisted of several stages:
Analysis of the problem
I
Setting of design goals
I
Conceptual design phase
I
Selection of solutions
I
Detail design
I

Prototyping and installation
I
Evaluation
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The analysis of the problem and establishment of the design goals
have been dealt in Chapter 3. This chapter deals with the conceptual
design phase, the detail design phase and implementation of the current
solution. The flow chart shown in Figure 4.1 depicts the phases through
which the final design developed.

CONCEPTUAL DESIGN STAGE

The conceptual design phase aimed at generating broad solutions to
the design problem. This was accomplished by the University of Tennessee
(UT) research team, the Saturn engineers, and the team members.
Familiarization with the Door team tasks
The University of Tennessee research team had to familiarize
themselves with the Saturn structure, framework, and mode of operations.
This familiarization process with the Doors team operations started in June
1994 with the in-house residency of the University of Tennessee, Memphis
students.

They observed the entire process and performed the tasks

themselves, obtained the operator descriptions (ODs are a collection of all
the tasks performed in each team, the steps required for carrying out the
tasks, and the time and number of operators required for each task) for all
the tasks, and made detailed videotapes of all the processes in the Doors
team. The UT students also collected additional information including the
injury history of the Doors team and tasks; task information such as tool
weights, terminology and team rotation; and OSHA 101 (this is compiled by
the ergonomic monitors through a questionnaire to determine the injury
caused by each task) data obtained from the ergonomic monitors. The
ergonomic monitors are members of the ergonomics department who
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evaluate all the tasks to determine the efficacy of each task from a Human
Factors standpoint. The entire familiarization process lasted three months
from July 1994 to the end of August.
Brainstorming
Several brainstorming sessions took place at the Rehabilitation
Engineering Building. These sessions included all the members of the UT,
Memphis research team.

It consisted of three biomedical engineers, a

physical therapist, an occupational therapist, a rehabilitation engineer,
technicians, and student research assistants. The video tapes of the doors
team operation were viewed repeatedly and ideas were generated.
Observations
The observations that came out of the brainstorming sessions are
explained in the following paragraphs.
During door “subassembly” when the hinges are put on the passenger
door (on the stationary fixture in the 1994 model operations), the worker
who holds the shaft end of the gun in the supinated right hand may need to
apply abrupt right wrist extension force at the shaft end of the gun when
the bolt seats, that is, to provide half of the couple which produces the
needed reaction torque.
For the driver side door, the right hand at the cord end of the gun is
pronated and a wrist extensor force is needed to oppose the tool weight, that
is, a gravitational moment.

Both these operations have since been

automated and hence this ceases to be a potential cause of elbow injury.
In the operation involving bolting the door to the space frame there
were two potential injury mechanisms were noted. The pronated right arm
at the cord end requires a wrist extensor force to oppose the tool weight.
There is also a supination load applied by the right hand when the tool is
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held one-handed for loading a new bolt into the socket (unless auxiliary
support is provided by bracing the tool body against the thigh or hip, or
unless the tool is held with its body vertical when loading the bolt).
There are no apparent sources of right lateral epicondylitis besides
use of the electric torque gun.

This was a particularly important

observation since it focused subsequent efforts on tool use.

SOLUTION SPACE
Off-the-shelf solutions
Some of the “off-the-shelf solutions” included the latest tools
developed by Atlas Copco and other tool manufacturers. Atlas Copco has
introduced a shorter and lighter control tool (there is a voltage feedback
which controls the torque). The mechanical clutch is eliminated in the
control tool and this is one of the factors contributing to its lightness. This
would reduce the problem due to the weight of the gun. This is the TENSOR
S tool using the S motor. The tool weighs 1.7 kg which is about 3.75 lb.
which is nearly half the weight of the current tool.
Cleco air tools have a range of nut runners (torque guns) that have a
torque range varying from 3 lb-in. to 350 lb-ft. Air tools reduce the weight
of the tool since there is now no motor unit and several sets of planetary
gears. The Industrial tool division of Indresco has introduced a range of
products called TORK-TRAK which belongs to the family of brushless DC
electric nut runners. These TORK-TRAK tools as well as the control tool of
Atlas Copco have light ring (or light bar) indicators for the operator’s
immediate visual observation of torque range. The tools used in the Doors
team had a torque readout attached to a track on the right hand side above
the level of the car. As a result the operator had to turn and look for the
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torque display to see if the rated torque had been applied.

This was

eliminated by the light ring indicators.
Generated concepts
The UT research team generated eight design concepts.

These

designs were supported by all the information gathered by the UT students.
They include
• wearable accommodations of the worker,
• new tools or tool modifications,
• new fixtures or new components of existing fixtures, and
•

modifications of Saturn parts themselves.
These designs were presented to a Saturn team of manufacturing

engineers, ergonomic engineers, and also to the candidates themselves
during the period from February to March 1995. This presentation was
done by the principal investigators at the team center (the team’s office
space) using the mockups and drawings prepared at the University of
Tennessee Rehabilitation Engineering Program (UTREP) Workshop. The
mockups were prepared by Jim Weidhaas

(UTREP’s resident model

maker).

DESCRIPTION OF THE IDEAS GENERATED
Belt-mounted gun brace
This belonged to the category of wearable accommodations. The beltmounted gun brace was the simplest solution to the problem and could be
manufactured quickly and at low cost. This idea evolved from the need to
remove the weight of the gun away from the user’s arms. When the gun is
mounted on a belt hook and when the bolt seats, the recoil would be
transferred to the belt hook and subsequently transferred to the pelvis.
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Figure 4.2 Belt mounted gun support

The belt brace was developed from a commercial swiveling hammer
carrier. The hollow belt braces have an L-shaped steel rod (refer to Figure
4.2). The gun was placed horizontally in the belt brace and it swiveled
about the pivot point which is indicated in Figure 4.8 as the lower central
rivet.
The belt-mounted gun brace would provide reaction forces in place of
the hand. It could be designed to provide reaction forces in the upward or
downward direction. The reactions to the idea were that some of the guns
would be provided with a support cable and this would take care of
gravitational loads. An early working prototype of the belt support was
developed and S experimented with it. The conclusion reached was that it
would be worn on the midline to distribute the weight of the gun. The other
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details are providing sufficient axial slide between flanges, the trigger
relocated to the middle or end of the shaft, and a more wrap around “hook”.
Swivel collar for torque gun
This belonged to the category of tool modifications. The idea was to
provide a swivel collar on the driver of the electric gun, just below the right
angle of the drive head of the tool, to permit an additional degree of freedom
between the left and right wrist angles. This would prevent the sliding of
hands against friction of gun surface. As explained in Chapter 3 the wrist
extension moment and forearm supination moment, to overcome the wrist
flexion and forearm pronation due to the external loads, are most injurious.
The purpose of the swivel collar was that it would provide a collar that
would be held by the left hand which would rotate with respect to the gun
supported by the right hand. This idea did not fully meet any of the design
goals and hence was not mocked up for trial by the UT research team.
Auxiliary handles for cord end of gun
This idea belonged to the category of tool modifications. The idea of
less injurious wrist angles (refer to chapter 3) led to providing auxiliary
handles while performing repetitive loads. This could be incorporated with
variable and lockable angles (refer to Figure 4.3).

Auxiliary handles

constrain the operator to use both hands. The custom made hand grips are
used to position the driver to access all the bolts in the space frame. The
trigger is located near the handles or as push buttons on the handle which
could be activated by either the thumb or the fingers (refer to Figure 4.3).
Possible failure of this idea was that if shifting the grip takes extra time,
most of the workers will not do it even if they are aware that this might
prevent injury. Further, a tall person would find it difficult to access the
lower two bolts on the space frame and would have to bend down to access
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Figure 4.3 Auxiliary handles for torque gun

them. The resulting discussion on the viability of the auxiliary handles led
to it being mocked up. The mock up was then evaluated by S and was also
shown to the Saturn leadership team led by Michael Schlacter of People
Systems. They preferred the use of the remote power module flexible shaft
assembly and hence this idea was not prototyped.
Remote power module
The next tool modification idea was a remote power module
(including the motor and the step-down gearing) driving the gun through a
flexible shaft, thereby reducing the weight at the hands and moments at the
operators elbow due to the motor. Figure 4.4 shows the drive head held by
the user. Further the recoil is now transferred through the users pelvis to
the ground. The original version of the idea had the module worn at the
back of the belt like a fanny pack. There is also an advantage to mass, that
is, it provides low pass filtering to partially isolate the worker’s limb from
abrupt (pulse-like) application of force.

This means that less muscle

stiffening is needed to limit tool movement to a desired maximum. The
Doors team members were enthusiastic about the idea.
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Figure 4.4 Mock up of the remote power module driving shaft

Later versions of this idea housed the motor unit on the mobile
fixture used for carrying the doors to the space frame. Hence, the operator
did not have to carry the weight of the motor unit and the gearing. A fullsize non-operative mock-up of the flexible shaft driver was made and this
was tried by S (discussed in detail in subsequent sessions). She was very
comfortable with the shape and size of the hand-held tool and with the idea
of mounting it on the counterbalanced fixture. The reaction torque when
the bolt seats is provided by the fixture via the motor and the flexible shaft.
Only the sheath and drive head housing are held by the worker and the
arms of the operator are bypassed by the torque. Based on the reactions of
S and the other Saturn personnel the remote power module flexible shaft
driver was prototyped and delivered to the assembly line.
Tool end brace points
Another method of providing the reaction torque is by having
projections at the end of the tool near the bolt which brace against nearby
points on the space frame or fixture (refer to Figure 4.5). Thus the tool
could be a right-angle tool or an in-line tool. One possible drawback is the
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Figure 4.5 Mock up of the tool end with brace points

possibility of the workers hand being pinched between the tool and the
space frame in which case the OSHA standards on pinch points will apply
but not if the brace points are away from the hands, that is, at the working
end of the tool. At present, a specialized power driver used for removing
jammed bolts has two long extending prongs at the bolt end to provide the
reaction torque, implying that this idea, while not new, is not unreasonable.
A mock up of this idea was developed and the mock up presented to S
to try and evaluate. She tried the mock up and liked the idea. The Saturn
personnel who accompanied S also evaluated it and they expressed concerns
on the damage caused to the space frame due to the recoil of the brace point
on the space frame. Also the location of the brace point on the space frame
would have to be fixed in advance and there would be four different brace
points for each door of the car. Due to their concerns and also due to their
interest in the belt buckle and the remote power module ideas this idea was
not prototyped.
Driver with two spindles
A driver that has two spindles could be used for simultaneously
driving pairs of bolts that are near each other (refer to Figure 4.6). This,
however, would require it to be combined with an articulating balanced
arm, or an overhead support cable, or other means of dealing with the
necessary increase in weight. The current automated tooling for the bolting
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of the hinges to the doors in the doors subassembly station uses the same
idea. One anticipated problem with this process is that one bolt will always
seat slightly before the other. This means that the reaction torque for the
first is provided by a side load on the second. If the second bolt is still
turning and about to seat, the torque reading on the second will be
complicated by the increased friction resulting from this side load. Further,
if this supination requires an articulated arm to support its weight, the arm
could solve the reaction torque problem without two spindles.

Figure 4.6 Mock up of the driver with two spindles

One of the reasons for not progressing further on this idea was the
disadvantage when both the bolts do not seat at the same time. Again, this
would involve a process change for the entire Doors team and as a result
would not be economic. A mock up was developed and S was asked to try it
out. This being a non-operative mock up the engineering considerations did
not play a major role. Still it was a popular idea and the increase in the
speed of operation interested the Saturn management. This idea was to be
prototyped if the belt-buckle and the remote power module solutions failed.
Universal joint
This was also a tool modification. A pair of universal joints inside a
boot at the joint to the gun shaft was also considered as means for allowing
a range of angles of tool body support and therefore a range of more
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acceptable wrist angles. The pair of universal joints would be required to
maintain constant output speed. The disadvantage might be that this
adjustment angle would go unused due to the time required between bolts.
One lockable adjustment per worker per shift might be more practical.
Considering the fact that this modification would involve the tool
manufacturers and modification of their ideas thus, introducing certain
legal issues both on the tool manufacturer’s side and Saturn this idea was
not mocked up. Further, introduction of the universal joint in the tool is not
successful in reducing the external loads on the users arm and also does not
provide a different path for the recoil.
Articulated arm
The last of the conceptual designs was an articulated arm that allows
placement of the driver at any of the bolts and permits motion along the
driver axis. This could be considered as a new fixture design for the tool.
The articulated arm will also have to be mounted on a track to account for
the movement of the space frame on the factory floor. One advantage of
this concept was that Saturn has this technology available; and the Doors
operation would simply be a new application. The other main advantage
would be that the recoil of the gun would be transmitted to the ground by
the arm and its support structure.

Three are degrees of freedom are

required at the driver end of the articulated arm to enable it to access all
the bolts. They are a movement along the X-axis (in the direction of motion
of the car), along the Y-axis (along the height of the car), and the Z-axis
(laterally). Since this technology was available at Saturn this idea was not
prototyped and the success or failure of the belt-buckle and remote power
module ideas would determine it’s implementation on the line.
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EVALUATION OF CONCEPTUAL DESIGNS
The evaluation phase for the generated conceptual designs consisted
of three distinct phases: 1) evaluation using standard design methodology,
in this case use of a Pugh evaluation matrix (Pugh, 1991), 2) evaluation by
S, and 3) evaluation by the engineers, ergonomic co-ordinators, and team
members. This was the one of the most important phases of this project.
Evaluation matrix
An evaluation matrix, shown in Table 4.1, was developed for the
various concepts that came out of the UT research team meetings. The
remote power module was expected to be one of the better ideas by the team
and hence it was chosen as the datum. The column headings indicate the
various concepts and the row headings the various criteria for which the
concepts were evaluated. The chart showed that, overall, the belt-mounted
gun brace appeared to be the strongest concept and should be presented to
Saturn. The concept of tool end with brace points and the swivel collar for
the torque gun were the other designs that could be presented to Saturn.
The morphological chart also confirmed the designer’s sense that the remote
power module was worth pursuing but might be found inferior to the belt
support due to the latter’s sheer simplicity.
Evaluation by S
The user evaluation phase started when S visited Memphis on
February 2nd 1995 for her clinical examinations and conceptual design
presentation. An early working prototype of the belt buckle, a mock up of
the remote power module, and drawings were made of the other two
concepts, namely the swivel collar and tool end brace points. She tried the
belt-mounted gun brace in a number of ways and liked it. It was noted that
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6

S began to use the free hand to gesture in talking, suggesting she was
rapidly becoming familiar with the initial prototype.
The subject S repeatedly went through the motions of her job at the
space frame placed at the correct height in the Human Functions
Laboratory at UTREP. She tried the mockup of the remote power module
and was happy with the idea of eliminating the weight of the motor by
mounting it on the fixture. She felt that the elimination of the recoil would
reduce the aggravation of her injury. She was not enthusiastic about the
other two ideas as neither provided the reduction in weight and transfer of
the recoil which she viewed as essential.
Evaluation of designs by Saturn
The mockups of the belt-mounted gun brace and the remote power
module and drawings of the tool end brace point idea and the swivel collar
for torque gun idea were presented to the S’s team members in the Doors
operations and to a group of manufacturing engineers, ergonomic
coordinators, and Operations Module Advisors and Area Module Advisors.
The Doors team belonging to “B” crew, with whom the principal
investigators met on March 4th, were concerned with questions of comfort
while wearing the belt-mounted gun brace. They also suggested making the
gun support hook as a solid piece and not from bent rod stock. They raised
the issue of OSHA standards on the snagging of worn objects on pieces of
equipment. Their reaction to the remote power module idea was “make it
work and we will buy it”.
There was another evaluation by the group of manufacturing
engineers, ergonomic coordinators, Operations Module Advisors, and Area
Module Advisors on April 7th. They were interested in seeing the beltmounted gun brace tried on the line. They found the weight reduction very
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interesting and thought that it would be of great help if it could be done.
They were also enthusiastic about the remote power module and liked its
cylindrical shape. Terence Amacucci, the ergonomics coordinator, raised
the issues concerning anthropometry (whether tall workers will have to
bend more to access lower bolts) and grip strength (suggested adding a
flange, toward the base of the drive head, for the worker to push against to
reduce the grip strength). This is important because to prevent the drive
head from slipping the user will have to exert a greater force to maintain it
in position.
The reactions of S, the team members, engineers, ergonomic
coordinators etc. to the remote power module and the belt-mounted gun
brace were extremely positive and all of them wanted the designs to be
prototyped. They preferred these designs to the others and hence, on the
design freeze date of April 20 1995 the decision to prototype and deliver
them was made.

PROTOTYPED AND DELIVERED SOLUTIONS

The designs selected for prototyping were: 1) the belt-mounted gun
support and 2) the remote power module. The fabrication of the prototypes,
bench-testing, and revisions were done at the UTREP shop. The designs
were either installed on the assembly line for trial use, or at a simulation
site in the Workplace Development Center by the UT team members. The
trials of the prototypes were carried out by the candidate and members of
the Door’s team belonging to “A” and “B” crews.
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THE BELT-MOUNTED GUN BRACE

Design Goals
The concept of the belt-mounted gun support grew from the following
design goals: 1) reduce the external loads on the users hands, 2) provide a
new path for transmission of the recoil not through the skeletal structures
of the body, 3) reduction of the muscle forces at the user’s elbow while
loading the bolt, 4) ease of access to all the bolt holes on the space frame, 5)
develop a simple and cost effective wearable accommodation for S that could
also be used by all other members of the team, and 6) develop an
accommodation for S to be used only for the door bolting operation and
removed for the other tasks.
The flowchart (Figure 4.7) shows the evolution of the belt support
idea. The initial prototype was evaluated by the engineers, the candidate S,
and finally by the team members. The team members suggested certain
modifications which led to the development of the second generation of belt
support braces. The second set of belt supports were evaluated by the team
members on the assembly line and further revisions made. The third set of
belt supports were evaluated on the assembly line and based on the trials
and evaluations it was decided that the belt support will not be used by all
the team members but only by S and others who are comfortable with its
use.

INITIAL PROTOTYPE
Prototype 1 of the belt brace was fabricated from a standard
commercial swiveling hammer carrier. The tool support (or belt hook) was
fabricated from steel rod formed as an open L-bracket (refer to Figures 4.2,
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F igu re 4.7 F low ch art sh ow ing the developm ent o f th e b e lt su p p ort

concept
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and 4.8). The gun was placed horizontally in the belt hook and it swiveled
about the pivot axis (indicated in Figure 4.8 as the pivot point). Two Velcro
belts of different colors were delivered with Prototype 1 to find out the
workers preference.
Anthropometries and space constraints
The anthropometries of the operator determined the size of the belt
hook.

The belt support was designed to be applicable to a population

between the fifth and ninety-fifth percentile. In order to fit over a wide
range of waist dimensions, a Velcro belt was provided. The user can wear
the belt according to his/her preference. Thus, they could wear it more
toward the midline than at the sides or they could adjust it to be near their
thighs.
The belt hook is 5 in. wide and extends toward the fixture (refer to
Figures 4.8 and 4.9), that is along the Z-axis. The levers on the fixture
extend about 8 in. outward in the direction of the operator. The interface is
a rectangular piece 4 in. x 5 in. piece of foam and has rounded corners so
that they do not dig into the skin. The belt hook as seen in Figure 4.8 is a
hollow L shaped steel rod. A small length of the steel extends and connects
to the pivot point on the interface.
Trials and Evaluations
The initial prototype was evaluated by the engineers at Saturn in
January 1995 and by S at a simulated worksite Human Functions
Laboratory in February 1995.

The use of the belt support was

demonstrated to the engineers and their reactions obtained. The engineers
liked the idea (though it had not been tried before) and suggested delivery
to the assembly line to evaluate it. The trials with S were captured on video
and her comments as she tried out the belt support were also
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of the belt support

Space C o n stra in ts shown with the b e lt s u p p o rt

Figure 4.9 Space constraints with the belt brace
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obtained. During the trials S tried it in several positions, at the sides and
at the midline.

She began to use the free hand to gesture for talking,

suggesting that she was getting used to it. The belt-mounted gun support
was delivered to the assembly line in April 1995 and the trials by the Doors
team members during their daily tasks revealed several advantages and
disadvantages.

The reactions of the team members were obtained by

interviewing then after they had tried the belt support in May 1995.
Advantages
The advantages were greater than the disadvantages and the chief
advantages were: 1) the recoil forces were transferred to ground via the
worker’s pelvis rather than her hands, 2) the muscle forces at the workers
elbow while loading the bolt into the end of the tool and the external loads
on the user’s hands were reduced, and 3) ease of use, as the belt-mounted
gun brace can be donned and doffed relatively easily so that it need not be
worn during rotation to other operations.
Drawbacks
The trials with the belt-mounted gun brace resulted in the
observation that the belt hook can and does snag on the various levers and
other projections on the door mount fixture making it difficult to reliably
access the bolts with the driver end of the gun. The weight and the recoil,
however, were eased as intended.
Besides the snagging of the gun, other drawbacks were: 1) the swivel
angle provided was not sufficient for the gun to access all the bolt openings,
2) the 5 in. width of the belt hook was too large, aggravating the tendency to
snag on parts of the door mount fixture, 3) the belt hook did not provide
sufficient friction and the gun had a tendency to slide within it, and 4) time
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required to don and doff the belt support was significant in that it reduced
the rest time of the operators between task rotations.

FIRST DESIGN REVISION
The trials with the first set of belt supports revealed that there were
some drawbacks that had to be eliminated for the belt-mounted gun support
to be accepted by the team members on the assembly line. Thus, in addition
to the earlier design goals the second set of belt supports had to reliably
access all bolt holes, not snag on mechanical elements of the door mount
fixture, and not slide within the belt hook.
The second set of belt-mounted gun braces (seen in Figure 4.10) were
different from the initial prototypes as these consisted of different types of
belt hooks while the belt remained the same. Three belt hooks were made
and two of them were filled in with heat forming plastic. The third piece
had a hollow belt hook so that when the three of them were used a
comparison of the effectiveness of each against the hollow belt hook could be
made.
The first belt hook was made of ABS (Acrylonitrile Butadiene
Styrene, Type I) plastic and bent in the shape of an L. The dimensions were
the same as the first design. ABS plastic was used for filling the belt hook.
The advantage of this material was that in contact with metal it provided
friction which prevented the gun from slipping and sliding off the belt hook.
The second belt hook was made of “Lexan” (a transparent plastic).
This enabled the operator to see through the belt brace in order to guide the
tool extension of the electric torque gun. This material was smoother than
ABS plastic used in the first piece and hence the friction was considerably
reduced. As mentioned the third belt hook was similar to the first design
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and was made of 0.25 in. bent bar stock. The belt hook was of the same
dimensions as the first prototype and there were no changes from the first
prototype.

Figure 4.10 Second generation of belt support braces

Trials
The trials of the second set of belt supports on the assembly line in
June 1995 showed that the workers preferred the solid belt hooks to the
hollow ones and they seemed to prefer the ABS plastic which reduced the
slipping of the gun to a great extent. The recoil forces, forces on the arms
while loading the bolts, and the external loads on the users hands were
considerably reduced. The disadvantages are: 1) the belt hook was too wide,
it snagged on the levers and knobs of the door mount fixture, 2) the corners
of the interface were sharp and after several trials hurt the areas of the
skin that it contacted, and 3) the time required to don and doff the belt
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support affected the time in between task rotations. Hence three
modifications had to be incorporated into the design of the belt support.

SECOND DESIGN REVISION
The third set of belt supports had to overcome the disadvantages of
the second set belt supports. The goals of the second design revision were
to: 1) reduce the width to prevent snagging, 2) to reduce chafing of the skin
by improving the interface, and 3) to make the donning and doffing of the
belt support easier. The width should be such that the electric torque gun
can slide in the belt hook and still allow access to all the bolts (refer to
Figure 4.11). The width of the belt hook was reduced to 1.5 in. It was
hoped that the decrease in the width would lessen the problem of snagging
and still be sufficient for the gun to be supported. The interface between
the user’s body and the belt hook was padded with about 0.25 in. more
foam. The corners were rounded so that the skin does not chafe against the
padded interface.
In the third design there was a shift in the prioritizing of the design
goals. Though the performance of the belt support was important the

Figure 4.11 Third generation of belt supports
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convenience of the team members assumed greater importance. The speed
of donning and doffing turned out to be more important than first realized.
Hence, this change in the priority of the goals led to the replacement of the
belt support concept.
Trials and observations
The revised belt hooks were delivered to the assembly line toward the
end of July 1995. The Doors team members tried out this version in the
Doors team operations. The feedback obtained from them suggested that
the last version of the belt support had corrected all the flaws of the
previous two designs. The entire process was monitored by Harvey Powell,
the ergonomic co-ordinator for the Doors team. The reason the members of
the Doors team did not prefer the belt support was the time involved in
donning and doffing it.
Advantages
The third set of belt supports addressed all the disadvantages of the
first and second set of prototypes. The advantages are:
1) transmission of the dynamic forces due to the recoil via the
user’s pelvis to the ground,
2) reduction of the muscle forces at the user’s elbow while loading
the bolt,
3) reduction of the external load on the user’s hands,
4) allow easy access to all the bolt holes on the space frame,
5) prevention of the belt hook from snagging on the various parts
of the door mount fixture, and
6) reduction of the sliding of the electric torque gun within the
belt hook.
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Disadvantages
The advantages outweighed the disadvantages as far as the
performance was concerned, but the time required for the donning and
doffing the belt-mounted gun brace still could not be reduced. The time
required by the worker in donning and doffing the belt support to be ready
for the next operation was quite significant. This affected their rest periods
and hence they preferred not to use it. As a result, of which the beltmounted gun braces did not gain popularity on the assembly line. This led
to the belt-mounted gun braces being set aside as a possible solution for the
door mount operation.

IMPLICATION AND OUTCOME
The trials and observations of the belt-mounted gun support proved
that it would not be used by the members of the Doors team. The speed of
donning and doffing turned out to interfere with task rotation. A decision
was made by the UT core team not to implement the remote power module
idea as an universal solution to all members of the Doors team. The belt
support can be used only by S if necessary. Thus the belt support can be
considered as a wearable accommodation solely for S’s use.

THE FLEXIBLE SHAFT DRIVER

The remote power module concept gave rise to two versions: 1)
worker-mounted power module and 2) fixture-mounted power module. In
the case of the worker mounted power module the user would wear the
motor on his body (like a battery pack) and a flexible shaft would transmit
the power to the tool extension. Later it was decided that the motor needed
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to deliver the amount of torque desired would be too heavy for the user.
This gave rise to the fixture-mounted version in which the motor unit is
mounted on the mobile fixture carrying the doors to the space frame. As
this fixture was counterbalanced, the user did not have to carry the weight
of the motor unit. As conceptualized the flexible shaft would extend from
the motor unit to the bolt holes on the space frame.
Function of the casing
The flexible casing is essential for the satisfactory operation of the
flexible shafts. The chief functions of the casing are: 1) to control transverse
bending of the enclosed shaft, in essence to serve as a sequence of bushings,
2) to protect personnel and equipment from the rotating shaft, 3) to protect
the shaft from moisture, dust, and other foreign matter, 4) to retain the
shaft lubrication, and 5) to provide a protective covering for the core of the
flexible shaft.
Engineering constraints of the core
The torque to be delivered to the bolts on the space frame was based
on the torque requirements of the Doors team operations.
Torque to be delivered when bolt seats = 35 ± 2 Nm.
= 310 ± 18 lb-in.
The Figures in Appendix D show the various flexible shaft diameters and
their corresponding torque capacities for the “remote control core” and the
“power drive core” respectively. The rated torque capacities depend to a
large extent on the radius of the curvature of the flexible shaft. When the
rated torque or speed is exceeded then the life of the flexible shaft unit
decreases.

The torque capacities that suited the requirements of our

application were provided by the 0.75 in. and 0.625 in. cores for a radius of
curvature greater than 25 inches. This was geometrically shown to be
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achieved by 24 in. flexible shaft with a right-angled head (refer to figure
4.12). Hence from the table
Dynamic operating torque capacity (0.625 in. core) = 460 lb.-in
Dynamic operating torque capacity (0.75 in. core) = 675 lb.-in
These torque capacities are the working torques at speeds ranging
from 100 rpm to 3000 rpm. As the five-eighth inch core is sufficient in
providing the desired torque the five-eighth inch core was chosen for this
design.
Maximum torsional deflection (degrees per foot of shaft) = 0.3
for the 0.625 in. core at maximum rated torque
For a two foot flexible shaft
Torsional deflection (0.625 in. core) = 0.6
Torsional deflection (0.75 in. core) = 0.4
Weight of the 0.625 in. flexible core = 80.0 lb. per 100 ft.
For a two foot flexible shaft
Weight of the 0.625 in. flexible core = 1.6 lb.
Weight of the flexible shaft casing 0.625 in. core = 1.88 lb.
Combined weight of the 0.625 in. core and casing = 2.48 lb.
The weight of the core and the casing does not include the weight of the
couplings. There are no appropriate specifications for the bending stiffness.
Minimum operating radius of the 0.625 in. core = 10 in.

FABRICATION OF PROTOTYPE
Initially the 0.75 in. in diameter flexible shaft (model no. 750L7) was
obtained from S. S. White Technologies in May 1995. Its torque capacities
were greater than 360 lb-in (chosen as the worst case torque). Once the
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Figure 4.12 Radius of curvature for a 24 in. flexible shaft with
right-angled head

sh aft

shafts were obtained, they were found to be unsatisfactory because: 1) the
weight of the flexible core is sufficiently high and it is comparable to the
weight of the gun and 2) the stiffness of the flexible shafts is high and does
not have the flexibility of a speedometer cable or garden hose (which was
the amount of flexibility desired).
The actual prototype that was developed and tried out at Saturn has
a core diameter of 0.625 in (model no. 625L7). Figures 4.13 A and 4.13B
show the complete assembly of the two feet flexible shaft, motor unit, and
right angled driver.

The 0.625 in. flexible core was chosen primarily

because the torque capacity for a radius of curvature greater than 25 in.
was 460 lb-in. As the torque to be delivered is 35 Nm (328 lb-in.), the torque
capacity of the 0.625 in. core was considered sufficient to seat the bolt. Also
the weight of the flexible shaft core and casing is 2.48 lb. which is less than
the corresponding weight of the 0.75 in. core and casing, namely 4.38 lb.
At the time that the flexible shaft was ordered the weight of the ball
bearing couplings at the two ends of the flexible shaft were overlooked.
Combined with the weight of the Atlas Copco right-angled driver these
couplings increased the weight of the flexible casing assembly to 8.5 lb. from
the fixture-mounted gear motor to the bolt head. As a result, the weight
reduction advantage which partially motivated the remote power module
concept could not be realized to the extent desired. It should be noted
however, that only partial support for this unit is provided by the worker’s
hands the remaining reaction force being provided by the fixture-mounted
power module.
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A

B

Figure 4.13 The flexible shaft assembly A - units of the flexible shaft
assembly without the motor unit, B - assembled unit
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The driven unit
The right-angled driver of the existing ETV G 40 gun was used to
drive the bolts. Figure 4.13A shows the driver unit, the trigger assembly,
the flexible shaft and casing, and the coupling unit. The right-angled head
consists of a 3/8 in. spindle to which the tool extension attaches.

The

spindle is driven by a spline arrangement, the male end of which is a part of
the right-angled driver and the female part of the spline shaft connects to a
set of planetary gears in the ETV torque gun (refer to Figure 4.14).
The flexible shaft assembly could be coupled to the right angled head
if the flexible shaft ball bearing couplings could be fitted with the female
member of the spline arrangement (refer to Figures 4.14 and 4.15). The
female part of the spline assembly was obtained from Atlas Copco Inc. and
the ball bearing couplings of the flexible shaft adapted to house the entire
arrangement. The right-angled head is oriented so that the splined end of
the right-angled head fits into the grooves of the female spline assembly.
This unit now weighed 1.5 lb.
The other factor to be considered was to prevent the rotation of the
right-angled driver relative to the flexible shaft. For the prototype unit, the
housing of the right-angled head was rigidly attached to the shaft core end
coupler of the flexible shaft by means of a cylindrical PVC (Poly Vinyl
Chloride) joiner (refer to Figure 4.14). The inside diameter of its two ends
was machined to the outer diameters of the housing of the right-angled
head and the shaft core end coupler as seen in Figure 4.14. The two units
were then attached together.
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Figure 4.14 Right-angled driver of the ETV G torque gun
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Figure 4.15 Drawing showing the relative attachments of the
various units of the flexible shaft assembly
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M otor u n it and m otor u n it cou p lin g

The motor unit consists of an A-type motor driven by an A-MC
TENSOR controller from the Atlas Copco Corporation. The motor unit was
obtained from an ETP A 40 13 P electric torque gun. Figure 4.13A shows
the complete system broken down into the motor unit, the right angle
driver, and the trigger mechanism.
The motor unit ends in a 1/2 in. spindle which needed to be coupled to
the flexible shaft in order to transmit power to the right-angled drive head
(refer to figure 4.15).

The flexible shaft terminates in a ball bearing

coupling that has a 1/2 in. internal diameter which could be used to couple
to the motor unit spindle as can be seen in Figure 4.15. The motor unit was
coupled to the flexible shaft coupling using a 1/2 in. adaptor. There is a pall
(or lock pin) on the spindle of the tool that prevents the connection from
coming apart. Figure 4.15 shows the cylindrical PVC joiner that firmly
attaches the housing of the motor unit to the shaft core end coupler. The
inside diameters of the two ends of the cylindrical PVC joiner was turned to
match the outer diameters of the shaft core end coupler and the housing of
the motor unit. Once this was accomplished the entire unit was assembled
and tested.
The trigger assembly
The motor unit on-off switch initially seemed an obvious component
to relocate to the drive-head-end of the tool. It was found, however, that
this was too complicated and would have involved mechanical changes in
the design of the motor unit. Hence it was decided to relocate only the
lever, that the operator activates, to the drive head at about 3 in. below the
tool extension. The required remote trigger mechanism involves a simple
mechanical lever which when depressed pulls on a bicycle cable as seen in
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Figure 4.16. This is attached to a curved plastic bell crank, which when
pulled forward pushes a cylindrical plastic button that activates a return
spring which in turn activates the micro switch (refer to Figure 4.16).
Trials were conducted with the lever positioned at various locations
and a choice was made on the basis of observations and by asking S. The
lever is held in position by two split ring clamps (refer to Figure 4.16) which
clamp around the housing of the flexible shaft. In order to prevent the
bicycle cable from snagging on other equipment, it is attached to the flexible
shaft assembly by electrical insulator tape.

MOUNTING THE FLEXIBLE SHAFT ASSEMBLY
The flexible shaft assembly is 44.25 in. long and is mounted on the
horizontal bar near the end of the door mount fixture (refer to Figure 4.17).
Because the high bending stiffness of the flexible shaft, is higher than
desired, it’s behavior was found to be similar to a 44.25 in. rigid gun. The
insufficient flexibility meant that the flexible shaft assembly had to be
provided with additional degrees of freedom to allow easy access for the
driver to all four bolts (refer to figure 4.17). This was accomplished by
mounting the motor unit on a three-axis tool holder capable of linear
translation, and “yaw” (referred to as 0 ) and “pitch” (referred to as 0)
relative to the long axis of the car.
The three-axis tool holder was developed to mount the flexible shaft
assembly to the horizontal bar of the door mount fixture closest to the front
door bolts. The tool mount has a base plate on which are mounted two
parallel linear shafts. The base plate is has clamps to mount the device
onto the door mount fixture. The linear motion is provided by a set of
bushings that have a pillow block on them (called the carriage). The yoke is
129

Sim plified draw ing f o r
r e lo c a t io n

le v e r

T rig g e r a c tiv a tin g le v e r

Figure 4.16 Drawing showing the mechanism used for trigger
relocation
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Figure 4.17 Necessity of three degrees of freedom for the flexible
shaft assembly
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mounted on the carriage. It is a simple U-shaped piece of metal milled on
the vertical milling machine.
The tool is mounted inside a tool clamp (shown in Figure 4.20) that
consists of two parts. The two parts when joined have a square opening in
it for the tool to pass through. The tool clamp is attached to the side arms
of the U-shaped yoke and has a square opening the size of which can be
varied to accommodate different tool diameters by varying the length of the
bolts holding the upper and lower parts of the tool clamp together. When
clamped tightly, rotation of the gun about its long axis is prevented; while if
the clamps were held loosely so that the gun could also slide in and out and
also rotate about its long axis, then the operator could rotate the gun and
load the bolt with the tool extension facing upward, namely the Y-axis.
This capability negates some of the design’s advantage to transmit the
recoil to the ground without reaction forces from the users hands. The
evaluation of this prototype ultimately led to the elimination of the flexible
shaft when it was recognized that the three-axis tool holder provided all the
necessary degrees of freedom for the tool head and range of motion without
the flexible shaft.
Space constraints
The effect of the length of the flexible shaft assembly can be seen in
Figure 4.18.

The dashed lines indicate the axis of the flexible shaft

assembly. The pivot point is displaced from the end of the assembly so that
the effective length from the pitch axis to the bolt is 38.5 in. It can be seen
in Figure 4.18 that the mounting plate could not be placed nearer to the
front door bolts as the length of the flexible shaft assembly was too long.
By placing the mounting plate on the far end horizontal bar of the
doors fixture, the shaft was required to navigate through knobs (depicted as
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Figure 4.18 Space constraints of the flexible shaft assembly.
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circles), and levers on the fixture (refer to Figure 4.18). To access the lower
two bolts in particular the flexible shaft assembly had to be maneuvered
through the two levers that are used for clamping the doors to the fixture.
The two levers depicted at the bottom of the door mount fixture in Figure
4.18 project outward in the direction of the user and the flexible shaft
assembly had to be operated carefully to prevent snagging on them. This
led to slower completion of the bolting operation. Another problem that can
be clearly seen from the Figure 4.18 is that the operation of the flexible
shaft driver will obstruct the operator performing the rear door bolting
operation. These spatial inadequacies contributed to the failure of the
flexible shaft concept.

TRIALS
The evaluation of the remote control flexible shaft driver was carried
out in July 1995 at the Workplace Development Center where most aspects
of the front door bolting operation could be simulated. The remote control
flexible shaft driver was mounted on the horizontal bar of the door mount
fixture. The pivot of the three-axis tool holder was at a distance of 37.5 in.
from the line joining the centers of B2 and B3. The carriage bushing was
capable of a linear translation of 8 in. that was geometrically proven to be
more than sufficient to allow access to all the bolts.
The trials were conducted with S who performed the front door
bolting operation using the flexible shaft assembly. She found the weight
held in her arms to be less (since only half the weight of the assembly is
supported by her hands which is lesser than the weight of the gun). She
also felt that the transmission of recoil to the ground via the door mount
fixture would not aggravate her injury. The vibration of the tool extension
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(because of poor connection with the right-angled drive spindle) was
transmitted to her hands.

This had to be overcome in the subsequent

design revisions. The trials with S showed the advantages of the flexible
shaft assembly.

An analysis later proved that the disadvantages

outweighed the advantages which led to the abandoning of the flexible
shaft. Another disadvantage cropped up during the trials. The ten-inch
driver extension on the right-angled head approached the bolt heads at a
slight angle and this forced the user to exert force in order to prevent cross
threading.
The implementation of the flexible shaft assembly highlighted its
disadvantages (as well as the fact that it failed to offer its intended
advantage). The factors that contributed to the abandoning the remote
power module concept for this application were the unnecessary and
cumbersome length of the assembly; the bending stiffness and weight of the
flexible shaft; obstruction of other operations due to overall size; and
reduction of speed of performance.

OBSERVATIONS AND FINDINGS
The flexible shaft assembly had several flaws that could be
categorized as: 1) fundamental problems and 2) incidental problems.
Fundamental problems
The weight of the entire assembly was 11 lb. which was greater than
the weight of the electric torque gun used in the Doors team. One end of
the flexible shaft assembly is supported by the three-axis tool holder. The
weight supported by the user is more than half the weight of the tool taking
into account the lever arm of the flexible shaft device.

The left arm

supported a weight equivalent to the weight of the electric torque gun while
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the right arm operated the trigger. The loads on the left hand are lower in
the unmodified operation.

The force is maximum in the time interval

between loading the bolt and placing it on the space frame. Once the bolt is
placed in position, then the load on the left arm is reduced as it merely
maintains the tool extension in place and the space frame supports the tool
extension. The operator has to exert some force to keep the bolt from cross
threading.
The second fundamental problem was the high bending stiffness of
the flexible shaft. This contributed to the entire assembly behaving similar
to 44.25 in. gun. To overcome this disadvantage the three-axis tool holder
was provided with three degrees of freedom (refer to Figure 4.17). This
helped the tool extension to access the four bolts easily. Mounting the
flexible shaft assembly on a tool holder also transferred the recoil to the
door mount fixture. Thus, the high bending stiffness of the flexible shaft
required the use of additional components thus making the entire unit
complex and bulky.
“Whipping” of the flexible shaft core at the moment the bolt seats was
observed. Wind up of the layers of the flexible shaft core happens in the
brief period when torque is high just before the clutch opens. This causes
“whipping” of the flexible shaft (refer to Figure 4.19). When the bolt seats,
the sudden increase in torque is transmitted via the flexible shaft and to
ground. Whipping might be a potential source of injury for the operator
unless the reaction force is absorbed by the users hands or by restraining
the flexible shaft mechanically.
Figure 4.19 shows the reaction forces that cause whipping of the
flexible shaft. T rb is the reaction force of the bolt when it seats.

For

equilibrium the tool extension produces a force T te equal in magnitude and
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opposite in direction of rotation to T rb- The portion of the flexible shaft
near the tool extension counteracts T te by producing an equal and opposite
force Tps which is counteracted by another force Tps in the opposite
direction at the motor unit. Tps is the force causing the whipping of the
flexible shaft.

Incidental problems
The trials of the flexible shaft assembly showed some of the
incidental design flaws.

These would have to be overcome in the

subsequent design revisions of the flexible shaft assembly. The tool face
needs to be 8, 10 or 12 in. from the bolt heads to allow alignment of
extension with the bolt axis with one of the standard extensions available
on the line.
Another problem that cropped up during the trials was vibration.
One of the primary reasons for the vibration was the loose fit of the tool
extension to the square 3/8 in. spindle. This “looseness” was transmitted to
the hands of the user.
The length of the entire assembly was 44.25 in. which created several
problems. The additional length provided by the flexible shaft turned to be
a disadvantage. It had to maneuvered through knobs and levers on the
door mount fixture and it also hindered the rear door bolting operation.

IMPLICATIONS AND OUTCOMES
The evaluations of the flexible shaft assembly highlighted several
fundamental and incidental problems. The unexpected stiffness of the fiveeighth inch flexible shaft introduced a need for additional three degrees of
freedom. The three degrees of freedom were provided by the three-axis tool
holder. The mounting opportunities and space conflicts of the door mount
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fixture because of the additional length of the flexible shaft turned out to be
a disadvantage. In addition the weight held at the hands of the user was
comparable to the weight of the electric torque gun and the desired
reduction in external loads were not achieved. The reaction force to the
whipping of the flexible shaft was provided by the users hands when the
flexible shaft is held by the user. The vibration of the tool extension was
transmitted to the users hands.
The power tool on the three-axis tool holder without the flexible shaft
proved to provide nearly ideal placement of the holder base for avoiding the
space conflicts. The three-axis tool holder was mounted toward the end of
the horizontal fixture member closest to the bolts (refer to Figure 4.18). The
electric torque gun was then mounted on the tool holder and it was able to
access all four bolts. The three-axis tool holder had the three degrees of
freedom for the power tool to access the bolts. In addition, unsupported
weight was also reduced relative to the flexible shaft assembly. Thus, the
three-axis tool holder eliminated all the fundamental and incidental
problems of the flexible shaft. The three-axis tool holder may be seen as a
particularly simple implementation of the articulated arm concept. This
concept is widely used on the Saturn line. The three-axis tool holder is a
variation of that concept where the tool body itself serves as a structural
member of the linkage. Hence, the three-axis tool holder due to its obvious
advantages replaced the flexible shaft assembly concept.
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THE THREE-AXIS TOOL HOLDER

The three-axis tool holder has been successful in reducing static and
dynamic loads on the user’s hands.

The worker’s left hand typically

supports and positions the tool extension. The left arm is now free to load
bolts while the right arm activates the trigger and supports at most a 2.75
lb. static load. Recoil is via the tool holder and the door fixture to ground,
an almost complete elimination in the dynamic force transmitted to the
right elbow. The design is extremely simple and is easy to install and
remove.

This can mean that the tool holder could be used only by the

candidate if the other members of the team are not comfortable using it. In
actuality, the team members have been very enthusiastic about the reduced
loads. Learning how to use it has proved to require only a few minutes of
use. Trials have been carried out by the uninjured members of “A” and “B”
crews on the line and at the Workplace Development Center by S.

PROTOTYPE 1
Design rationale
The principal design objectives of the Prototype 1 of the three-axis
tool holder are:
1) the power tool on the three-axis tool holder without the flexible shaft had
to provide nearly ideal placement of the holder base plate for avoiding the
space conflicts,
2) the electric torque gun mounted on the tool holder had to access all four
bolts,
3) the dynamic forces due to the recoil of the gun had to be transmitted
away from the users hands, and
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4) in addition, unsupported weight had to be reduced relative to the flexible
shaft assembly.
The three-axis tool holder should provide all the necessary degrees of
freedom for the tool head and range of motion.

The three degrees of

freedom, to allow easy access for the driver to all four bolts (refer to figure
4.17), can be accomplished by mounting the motor unit on a three-axis tool
holder capable of linear translation, and “yaw” (referred to as 0 ) and “pitch”
(referred to as 0) relative to the long axis of the car.
Design ideas and construction
The first prototype of the three-axis tool holder was designed to
mount the flexible shaft assembly. Prototype 1 clamps to the door mount
fixture by means of two flexure “C” clamps that are 2 in. wide and attach to
the base plate. It consists of two bushings and linear shafts that provide
the necessary linear translation for the tool to access all the bolts. The base
plate is 10 in. long and on it are mounted two pre-assembled shaft rail
assemblies (refer to figure 4.20). The linear shafts have a travel of 10 in.
which is achieved by two linear bushings. The two linear bushings are
mounted to the underside of a carriage.
Figure 4.21A shows the carriage with a flat surface on which are
mounted the yoke (provides the pitch angle) and tool clamp (provides the
yaw angle). The linear bushings have a plate mounted on them to which
the yoke attaches. The width of the carriage is 5.4325 in. and the length is
2 in (refer to Figure 4.22).
The yoke is a rotational attachment to the carriage that provides the
pitch angle for the tool. The yoke is 4.625 in. long and 1.25 in. wide (refer to
Figure 4.22). The arms of the yoke are 0.8125 in. thick, that is, the width of
the tool clamp is 3 in. The yoke attaches to the carriage through a shoulder
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Figure 4.20 Pre-assembled shaft rail assembly

Figure 4.21A Prototype 1 of the three-axis tool holder
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bolt that allows it continuous rotation.

The Prototype 1 tool clamp is

slightly less than 3 in. in width and is 1.25 in. thick.

The tool clamp

consists of two parts. The lower part is fixed to the yoke by means of screws
which attach sideways through the arms of the U-shaped yoke (refer to
Figure 4.22).
The upper piece is clamped to the lower part by means of two screws
and they hold the tool in between them. The tool clamp consists of a 1 in.
square opening that the handle of the electric torque gun fits into as seen in
Figures 4.2IB and 4.22. The size of the square opening can be varied to
accommodate various diameters of the tool by varying the length of the
bolts that attach the top and lower parts of the tool clamp together (refer to
Figures 4.2 IB and 4.22).
Evaluation of Prototype 1
Initial trials were conducted at the Workplace Development Center
(WDC) in July 1995, where the operations for mounting the front doors on
the space frame were set up. The Prototype 1 three-axis tool holder was
attached to the door mount fixture on the lower horizontal member of the
fixture and the electric torque gun clamped tightly to it to prevent the tool
from sliding in and out of the square opening.
The subject S was first asked to try out the new adaptation at the
WDC. The travel of 10 in. was found to be sufficient and S could access all
the bolts easily. Further, as S was merely positioning the tool extension
with her left hand, the right hand was completely free and was only used to
load the bolts and operate the trigger. Thus the loads on the right arm were
reduced drastically. The left arm merely functioned to position the tool and
access the bolts.
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The subject S also commented that the removal of the recoil away
from the user’s hands was a major design achievement. The subject S was
quickly comfortable with the tool adaptation and did not feel any discomfort
during the brief trial period.
The next step was the trial installation of the three-axis tool holder
Prototype 1 on the line and for some of the Doors team members to try it
out. Prototype 1 of three-axis tool holder was tried by three non-restricted
team members on the assembly line. Initially the tool holder was positioned
incorrectly relative to the space frame and when the tool was clamped the
bolts could not be accessed easily. This slowed the operator using the tool
adaptation. After several trials, the tool holder was moved to the far end of
the horizontal member of the door mount fixture. In this position, the bolts
were accessed more easily and this improved the performance.

After

several trials, the worker using the tool holder was able to catch up and
perform at the same speed as the operator using the unmodified gun.
Essential successes of Prototype 1
The concept of the three-axis tool holder proved to be successful in
overcoming several problems present in the flexible shaft assembly. It was
successful in accessing all the bolts. It reduced the external loads on the
users hands. It was successful in transmitting the dynamic forces due to
the recoil away from the users hands through the door mount fixture to the
ground. It was easy to operate and did not cause any space conflicts (refer
to Figure 4.23). The left hand merely holds the tool extension in position
while the right hand operates the trigger. It reduced the wrist extension
moments and supination forces at the lateral epicondyle during the bolt
loading operation by supporting the tool on the door mount fixture.
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Fundamental problems with Prototype 1
There were several design flaws in Prototype 1 of the three-axis tool
holder. First the position of the base plate on the horizontal member of the
door mount fixture was such that for the lowest bolt operation the carriage
with linear bushings (refer to figure 4.20) was partly off the shafts (refer to
Figure 4.24). Thus after putting in the lowest bolt, the operator had to set
the carriage on the linear shafts.. This slowed down the operation.

Figure 4.24 Photograph showing the carriage exceeding the length
of the linear shafts

The trigger is in the same direction as the tool extension and hence
the user’s hand comes between the tool and the fixture.
There was a lot of friction between the various parts of the three-axis
tool holder with one and another.
The gun, after the operations were completed, was not supported by
any brace on the doors fixture and it hung down from the tool mount.
Hence the operator, before beginning the operation, had to bend down and
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pick up the gun.
Incidental design problems
The electrical cord located at the back of the gun is about eight inches
long.

This snagged on the levers located at the end of the horizontal

member. The operator had to release the cord from the levers to which they
had snagged further slowing down the operation.
A longer tool extension was required to access the bolt openings. The
design of the three-axis tool holder was such that the ten inch tool extension
used on the line did not access all the bolts requiring a longer tool
extension.

PROTOTYPE 2
Design goals
The concept of the three-axis tool holder was successful in addressing
the design objectives of reducing the external loads on the users hands,
reducing the wrist extension and forearm supination forces at the right
lateral epicondyle, avoiding spatial conflicts with other equipment on the
door mount fixture, transmitting the dynamic forces due to recoil away from
the users hands, and providing means to access all the bolts.
The modifications that had to be made to the first prototype of the
three-axis tool holder are:
1) relocation of the trigger so that the operator does not have to reach
between the tool and the fixture to operate it,
2) redesign of the linear translation mechanism in order to prevent the
carriage from cocking and extending beyond the length of its travel,
3) modification to prevent the electric cord at the end of the gun from
snagging on the levers and other parts on the door mount fixture,
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4) substitution of a longer tool extension in order to access the bolts more
easily,
5) provision of a support for the gun on the fixture so that it does not hang
from the tool mount, and
6) reduction of friction in all degrees of freedom.
Design ideas
The second prototype was developed as an improvement on Prototype
1 of the three-axis tool holder.

It was meant to overcome many of the

disadvantages of the first design and also incorporated some innovations.
The most important change was the replacement of the two sliding-contact
linear bushings with a single open diameter linear ball bushing (refer to
Figure 4.25). An open diameter ball bushing pillow block (type SPB-OPN)
traveled on a linear shaft was used to eliminate the cocking and jamming
of the carriage (refer to Figure 4.25). This open diameter ball bushing pillow
block functioned as the carriage and it can rotate about the linear shaft on
which it is mounted.
Another degree of freedom was introduced in the form of a linear
translation in the Z-axis (direction toward and away from the operator).
The amount of travel provided is about 1.5 in. This was considered
beneficial in accessing the bolts and reducing the chances of cross
threading. This motion in the Z-axis enabled the shorter tool extension to
access the bolts.

The linear shaft traveled between two blocks with

bearings fitted inside them (refer to Figure 4.26). These fixed diameter
bearings (refer to figure 4.27) each traveled on a linear shaft at right angles
to the linear shaft on which the carriage moves. These blocks prevented the
carriage from exceeding its travel.
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Figure 4.25 Open diameter ball bushing pillow block (carriage)

Figure 4.26 Prototype 2 of the three-axis tool holder
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The yoke and the tool clamp had a similar construction to Prototype 1
but some changes were incorporated into their design. One of the chief
design accomplishments was the introduction of regular contact bearings in
the under surface of the yoke. The top surface of the base of the yoke is
countersunk in order to accommodate the bolt head. The two arms of the
yoke had linear contact ball bearings on the outside (refer to figure 4.28).
The objective of these ball bearings was to provide smoother operation of
the three-axis tool holder and also absorb the radial and axial loads exerted
on the bolts.
Conceptual design flaws of Prototype 2
There were several serious flaws in Prototype 2 and consequently it
was shelved soon after fabrication. When the carriage pivots on the linear
shaft, at the limit of its travel, the edge of the carriage is in contact with the
base plate and gets locked in that position. This was a situation which
should not occur on the assembly line.
The additional linear degree of freedom provided was not required. If
the design of the carriage, yoke and tool clamp was right then the swivel
and pivot would be sufficient for the two tool extensions (eight inch and ten
inch) to access all the four bolts.
Incidental design flaws
The linear bearings on the two stop blocks were press fit into the
blocks. Due to the tight fit the travel of the bearings on the linear shaft was
poor.
The other disadvantage was in the correct use and mounting of
bearings. The unthreaded portion of the bolt passing through the yoke is in
contact with the inner race of the bearing while the head of the bolt contacts
the inner and outer races. Hence the yoke could not swivel with respect to
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the carriage. Two bolts pass on either side of the yoke attaching it to the
tool clamp. The previous mistake was repeated whereby the head of the
bolt is in contact with the inner and outer races and the unthreaded portion
of the bolt contacts the bore.
Thus the ball bearings in the yoke were merely cosmetic and served
no useful purpose and their tight fit did not improve the operation of the
three-axis tool holder. Thus the second design of the three-axis tool holder
was shelved and a better prototype was built.

PROTOTYPE 3
The third design of the three-axis tool holder, which combined the
advantages of the first and second design prototypes, proved to be the most
functional in terms of meeting the design objectives. Its implementation on
the assembly line was hindered only by incidental problems. The concept of
the three-axis tool holder in reducing external loads, muscle moments, and
transmitting dynamic forces were achieved in the design of Prototype 1. In
Prototype 3 there was a shift in the priority of the goals to improving the
manufacturing details and fabrication of the device for efficient operation.
They are:
1) the carriage should provide the desired linear degree of freedom without
cocking or jamming,
2) design of the carriage, yoke, and tool clamp should provide the swivel and
pivot necessary for the two tool extensions (eight inch and ten inch) to
access all the four bolts,
3) correct use and mounting of bearings. The specifications of the bearings
and shoulder bolts should be accurate to enable smooth operation of the tool
holder,
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4) relocate the trigger toward the drive head for ease of use, and
5) change in the design of the handle for the electrical cord connections to be
at right angles to the handle to prevent snagging of the cord on the levers of
the door mount fixture.
Design ideas and construction
The basic design of the three-axis tool holder in providing three
degrees of freedom remained the same. It consists of a base which clamps
to the door mount fixture by means of two “C” shaped clamps. The spline
shaft is mounted between the two brackets on the base plate. The carriage
travels on the splined shaft and on it are mounted the yoke and the tool
clamp respectively.
The dimensions of all fabricated aluminum components were
consistent with similar pieces used at Saturn under similar or greater
loading, that is, the design is meant to be conservative. The static loads
which would cause concern would take place during extreme misuse, for
example, hanging heavy objects on the splined shaft. The bearing selection
process and the selection of the spline shaft is explained in detail below.
Selection of spline shaft
A major improvement in the linear translation degree of freedom was
the introduction of the splined shaft (refer to figure 4.29). The splined shaft
(model number LSA 15) has three splines 120° apart as seen in Figure 4.29.
The linear motion of the carriage is obtained through a ball spline bearing
present inside the carriage which travels on a single splined shaft.
The linear ball spline angular type consists of a spline shaft and an
external cylinder and is so designed that steel balls run on the spline shaft
to achieve endless linear motion while circulating in the external cylinder.
154

Figure 4.29 Structure of a linear ball spline angular type

It is therefore, capable of receiving complex loads such as radial load and
torsional torque, making accurate positioning in the rotating direction. The
basic static load rating is defined as a static downward load which
corresponds to a calculated contact stress at the center of the most heavily
loaded steel ball and raceways contact of provided stress standard.
Basic static load rating Co = 1852 lb.
Figure 4.30 shows a load W acting on the splined shaft
W = weight of the tool + weight of the yoke + weight of the tool clamp
= 8 lb.
For the worst case condition let us assume another object is suspended on
the splined shaft and a force of 50 lb. is exerted on it.
Therefore, W = 58 lb.
Thus W is well below the static load rating of the splined shaft.
Figure 4.30 shows the figure for calculation of the deflection of the spline
shaft when a load W acts at its midpoint. Deflection of the spline shaft v is
given by
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V =

(WabL2)(L2 - a2 - b2)/ (6EI)

(4.1)

Assuming W acts at the midpoint of the spline shaft we have
L = 8 in.
a = b = 4 in.
W = 58 lb.
E = 30 x 106 psi
and I = Mr2/2 where M = Volume x density
I (steel) = 0.0139
From these values we have v = 0.76 in.
The deflection of the spline ball bearing is approximately one-eighth of v
Therefore, deflection of spline ball bearing = 0.09 in.
Ball bearing selection
The yoke has two ball bearings similar to the Prototype 2 (refer to
Figure 4.31). The two single-row radial-contact bearings (NTN model R8)
are mounted on the top and bottom of the yoke. The purpose of the ball
bearings is to transmit the radial load while providing low-friction pitch
motion of the tool relative to the carriage (refer to Figure 4.30). There are
two additional radial-contact bearings (NTN model R8) on each arm of the
yoke to transmit tool kick, weight loads, and provide smooth yaw motion
with respect to the yoke.
Figure 4.30 shows the axial and radial loads for the yaw bearings
F a x ia l

(worst case condition) = Force due to the recoil - moment due to the
tool

F axial = 360 - (6 x 6.5)

= 321 lb-in.
Dynamic load rating of the bearing = 540 lb-in.
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F r a d ia l

= weight of the tool
= 6 lb.

Assuming worst case conditions the yaw bearings support the weight of the
tool and the other components of the three-axis tool holder
F r a d ia l

= weight of tool + weight of other components of the tool holder
= 14 lb.

Static load rating = 1000 lb-in.
For the pitch bearing
F r a d ia l

= weight of base plate + weight of fixture clamps +
weight of brackets + weight of spline shaft + weight of carriage

F r a d i a l = 8 lb .

Thus, the axial and radial loads for the bearings are far lower than
the specified load rating and hence the R8 model bearings and more than
sufficient.
Carriage
The carriage is machined from a single piece of aluminum and carries
the ball spline (seen in Figure 4.31). The yoke attaches through the pitch
bearing. The carriage travel is limited to eight inches by two spline-support
brackets mounted on the base as seen in Figure 4.30.
Fixture clamps
On the back of the base plate are two flexure “C” clamps that are
used to mount the three-axis tool holder to the door mount fixture (refer to
Figures 4.31 and 4.32). Clamping force is generated when two screws are
tightened, tightening the clamps on the door mount fixture.
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T o o l clam p an d trigg er relocation

The tool clamp piece incorporates no changes from Prototype 1 (refer
to Figure 4.32). The trigger was repositioned by moving the tool’s internal
microswitch to the head of the tool via wiring extensions from the tool
handle (refer to Figure 4.33). It was found that the modified tool would not
operate with the displaced switch because the clutch and long pin (refer to
Chapter 2) mechanism of this particular tool were not operating
satisfactorily. For trials on the assembly line, a torque gun with a standard
trigger was used, despite the ergonomic non-ideality of the location.

Figure 4.33 Relocation of the microswitch by wiring extensions
from the tool handle

Another change involved modification of the power cord connection at
the handle (refer to Figure 4.34). This was necessary because the stiff
strain-relief sheath extends axially from the gun for about 6 in and often
snagged on the levers on the door mount fixture (see Figure 4.35A). The
gun was modified with a right-angle connector so that the electric cord
attaches to the housing at a right angle (refer to Figure 4.35B).
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Figure 4.34 Right-angle connection of power cord to tool handle

Figure 4.35A Prototype 3 of the three-axis tool holder

Figure 4.35B Prototype 3 of the three-axis tool holder with right
angle electric cord
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The right-angled electrical connection eliminated about 6 in. of length
at the end of the tool and successfully prevented the cord from getting on
levers on the door mount fixture (refer to Figure 4.35B). It’s orientation
was intentionally 180° away from the tool extension, that is, away from the
car. This eliminated one of the incidental problems associated with the
earlier prototypes.
Trials and evaluations
The three-axis tool holder (Figure 4.35B) was evaluated by five
workers who suffered from no permanent restrictions on August 19th 1995.
The trials went on for the entire afternoon session of the work period for
about four hours.

The subjects initially found it difficult to clear the

vertical member of the door mount fixture due to the 12 in. tool extension.
The tool extension was then replaced with a 10 in. version and after that
the speed of operation dramatically improved (discussed in the next
chapter). The subjects were always able to maintain the line speed and
performed as fast as the unaided rear door worker.
The trials were carried out for the entire afternoon session of the day
shift. The only problems experienced were the trigger location which the
workers got used to after about 10 trials. The other persistent flaw was,
(since the tool used was not the modified unit with the displaced trigger and
right-angle cord), the power cord continued to snag on the levers on the door
mount fixture. This was overcome temporarily by using cable ties to loop
the electric cord back on itself.
Incidental flaws
The chief limitation of the three-axis tool holder was the design of the
bearing and the bolts passing through them. There are four bearings in the
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yoke of the three-axis tool holder. Two more bearings were introduced in
the tool clamp in order to align the tool clamp with the yoke. The previous
mistake in mounting of the bearings and shoulder bolts was repeated.
The overhang of the splined shaft had to be reduced as there was a
loss of about an inch in the distance to which the three-axis tool holder
could be moved to the far end of the horizontal member of the door mount
fixture.
Toward the end of the trials when the device was removed from the
line, the yaw bearings that connected the yoke to the tool clamp locked up.
This was probably due to the locktite filtering into the bearings.

PROTOTYPE 4
Design goals
The fourth iteration resolved all the incidental problems that were
present in the third design but introduced a fundamental design flaw and
had to be revised. The fundamental design goals were:
1) develop a tool clamp that clamps a tool with an R handle,
2) relocate the trigger at the tool head,
3) modify the “R”-handle to prevent the electric cord from snagging on the
levers in the door mount fixture, and
4) provide greater rigidity to all parts of the three-axis tool holder.
The incidental design goals were:
1) correct design of the ball bearings and their respective shoulder bolts in
order for the ball bearings to function as intended and
2) reduce the overhang on the spline shaft.
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D esign o f to ol clam p

The tool clamp was re-designed to clamp the gun using the R handle.
The entire assembly is shown in Figure 4.36. The R handle tool was chosen
since this reduces the overall length of the tool and prevents the electric
cord from snagging on the levers of the door mount fixture. Taking into
account insufficient material strength of this handle, the tool clamp was
redesigned to support the tool on the barrel of the motor unit while
maintaining the pitch axis at the end of the tool.
The two arms of the tool clamp extend from the yoke of the three-axis
tool holder and clamps the tool around the barrel of the motor unit (refer to
Figures 4.36 and 4.37). The clamp was designed to provide clearance for
the trigger link mechanism. The trigger was relocated and was placed near

Figure 4.36 Prototype 4 of the three-axis tool holder

the right-angled tool head. The link mechanism connected the lever at the
tool head and the push pin mechanism in the tool handle. The clamp was a
2 in. x 3.625 in. piece with a thickness of 2.5 in. The arms extend to a
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Figure 4.37 Top view, front view, and side view of the tool clamp
166

length of 6.875 in. and attach to the shoulder bolts passing through the ball
bearings in the two arms of the U-shaped yoke (refer to Figure 4.38).
Yoke and shoulder bolts re-design
The overall dimensions of all the parts of the three-axis tool holder
were increased to provide greater rigidity to all its components . Figure
4.38 shows the dimensioned drawings of the yoke and corresponding
shoulder bolts.
The ball bearings used in the three-axis tool holder are NTN sealed
bearings (model number R8) with a half-inch bore, outer diameter 1.125 in.
and width 0.3125 in (refer to Prototype 3 for bearing selection process). The
purpose of the sealed bearings is to prevent any unwanted matter entering
the ball bearings and reducing the efficiency. The shoulders in the yoke for
mounting the ball bearings were designed to contact only the outer race of
the ball bearings (refer to Figure 4.38). The shoulder bolts for all the three
bearings in the yoke were re-designed such that the unthreaded portions of
the bolts were flush with the bore of the ball bearing (see Figure 4.38).
The shoulders and shoulder bolts for the ball bearings in the yoke
were designed accurately to enable the yoke to move with respect to the
carriage and tool clamp. The length of the unthreaded portion for all the
three bolts (refer to Figure 4.38) was designed approximately twenty
thousandth’s of an inch longer than the thickness of the arms of the yoke so
that shoulders could seat solidly on the tool clamp and spacers could be
used to take up the play.

Coarse threading (3/8-16) was provided to

withstand loads imposed on the bolts.
The entire assembly of the three-axis tool holder was made slightly
stronger and its overall dimensions increased slightly as compared to
Prototype 3 (refer to Figure 4.39). Larger set screws (1/4-20) are used to
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Figure 4.38 Engineering drawing of the yoke and shoulder bolts
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hold the spline shaft in place in their brackets (refer to figure 4.39). The
brackets are made about 0.125 in. wider than the previous version. Figure
4.38 shows the carriage without the overhang which was removed to reduce
unnecessary inertia. Also the base clamps that attach the three-axis tool
holder to the door mount fixture was converted into a vice-type clamp with
a 3 in. screw that runs from one arm of the clamp to the other encompassing
the 2 in. x 1 in. tubing of the door mount fixture (refer to Figure 4.39).
Clamping force is generated by tightening the bolt which bends the two
arms of the clamps tightly around the horizontal member of the door mount
fixture.
Trigger assembly
The unmodified trigger is located between the two arms of the tool
clamp. It was difficult for the operator to use in that location and prevented
one-hand operation of the tool since the tool load in the trigger hand became
uncomfortably high due to the very short moment arm at which the hand
acts. The trigger therefore was relocated near the right-angled head of the
gun. The original trigger mechanism in the R-handle remains intact since
only the external lever was relocated (refer to Figures 4.40 and 4.41). The

F igu re 4.40 T rigger m echanism
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Side view showing mechanism used
f o r external lever relocation

Figure 4.41 Simplified drawing showing the mechanism for
relocating the trigger activating lever
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lever when pressed pulls a rod forward that pulls on a curved plastic bell
crank which in turn depresses a cylindrical plastic button that activates the
micro switch (refer to Figure 4.41).
With the exception of the pull rod this mechanism is marketed by
Atlas Copco for the electric nut runners with pistol grip handles.
Trials and evaluations
Prototype 4 of the three-axis tool holder was evaluated on the
assembly line after several trials at the Workplace Development Center on
September 19th 1995.

The assembly was mounted on the door mount

fixture for the left front door operation. It was used continuously from the
start of the evening shift to the first break, that is, for a period of two hours.
The three-axis tool holder was tried by all the workers in the A crew of the
Doors team.
On that occasion the power cord was secured to the door mount
fixture and to the arms of the tool clamp (refer to Figure 4.40) in order to
prevent the cord from snagging on equipment and from obstructing the
other operations to be performed. The two standard length tool extensions
(8 in. and 10 in.) were tried out and the 10 in. tool extension was found to
be most satisfactory. Some of the operators initially attempted to use the
tool with their right hand supinated and use their left hand for loading the
bolt. They also experimented with alternative ways of holding the tool
holder.

The pronated position of the forearm proved to be the most

comfortable for all of them. The fact that the operators were experimenting
with various arm postures showed their involvement and their appreciation
of a device beneficial to them.
The device was fully functional throughout the entire two hours of
the trials. There were no problems experienced and the workers picked up
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speed as they used the device, sometimes completing the operation in a
shorter time than the workers at the unmodified stations.

During the

entire period of the trials, performance of the device was evaluated by the
manufacturing engineers, tooling engineers, and the Operations Module
Advisors for the Doors team.

The trials, performance, and speed of

operation of the three-axis tool holder were found satisfactory by all
observers on that occasion. Based on this performance Saturn decided to
retain this prototype for in-house development and further evaluation on
the assembly line.
Essential successes
The Prototype 4 of the three-axis tool holder achieved all the design
goals that the three-axis tool holder aimed for. Its achievements are:
1) reduced the external loads on the users hands to 4 lb. when bolting the
door and loading the bolts,
2) reduced the muscle moment forces at the lateral epicondyle,
3) transmitted the dynamic forces due to the recoil away from the users
hands,
4) provided easy access to all four bolts,
5) relocated the trigger near the drive head thus freeing the use of one arm,
6) prevented snagging of the electric cord on the levers of the door mount
fixture by using a shorter R-handle, and
7) overcame the incidental bearing mounting flaws.
Fundamental flaws
Prototype 4 of the three-axis tool holder introduced two fundamental
flaws which had to be revised. The tool clamp was extremely large and
heavy and in combination with the gun it exerted a 4 lb. of force at the users
hands. This was measured using digital spring scales. The tool clamp had
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to be revised to reduce its own weight.
In the assembly line, in case the tool in operation has to be replaced,
a replacement is kept ready off-line all the time. When vice type clamps are
used the three axis tool holder can be disassembled at the yoke (in which
case another tool attached to a tool clamp and yoke must be ready off-line)
or at the base clamps (whereby another three-axis tool holder with a tool
must be ready off-line). The second option was preferred as the first option
introduced the problem of aligning the shoulder bolts which cannot be done
in haste.

This meant that the base clamp had to be revised for quick

removal.
Tool clamp revision
The tool clamp (Figure 4.37) when weighed at its end point in a
horizontal position in situ with a spring balance read 1.81 lb.

This

increased the load supported by the user at the end of the tool to 4 lb. As
this presented no reduction in the static external load on the right hand, the
tool clamp had to be revised (refer to Figures 4.42 and 4.43). The new

F igu re 4.42 R evised tool clam p and base clam p
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version of the tool clamp clamps the barrel of the gun just above the
junction of the motor unit and handle. This allows the handle of the gun to
partially counterbalance the weight of the body of the gun, and reduces the
weight held at the front of the gun to 2.75 lb. To prevent the contact
between trigger pull rod and the yoke for large yaw angles (tool is swiveled
to load the bolts into the end of the gun) the lengths of the available tool
extension and the distance by which the gun is withdrawn for loading the
bolt are taken into account. Geometry dictated a 12 in. driver extension to
be used along with the tool.
Base clamp revision
The three-axis tool holder must possess the ability to be removed
from the fixture easily and quickly, that is, without having to undo screws.
This is required because if (when) the tool on-line develops any problems a
replacement gun already mounted on another tool holder must be used with
no or minimal delay. The Prototype 4 clamps are vice-type clamps and
would involve a significant amount of time to remove. The revised clamps
that are used at this writing are toggle clamps (refer to Figure 4.40). They
are attached to the base plate and are activated by pushing their handles
up.
These spindles clamp down on the horizontal member of the door
fixture and two of them are needed to prevent the entire mechanism from
coming off. There might be some difficulty in locating the clamps on the
fixture due to the crash bar on the doors do not leave enough space for the
clamps to be located.
Provision of right-angle connection for power cord for the R-handle
The right-angled connection developed for the N-handle in Prototype
3 was also developed for the R-handle in Prototype 4. The electrical cord
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connects to the R-handle at right-angles and is intentionally away from the
tool extension.

IMPLICATIONS AND OUTCOME
The three-axis tool holder with the modified tool clamp and base
clamp was delivered to the assembly line on October 30th 1995. The Saturn
staff “signed off’ on it in a sense that they have assumed responsibility for
any further modifications of the three-axis tool holder for continuous
operation in all door mount operations. The success of the three-axis tool
holder may result in Saturn implementing it in the four door mount
stations following successful long-term on-line evaluation.
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CHAPTER 5
EVALUATION, RESULTS AND DISCUSSION

The evaluation phase in the development of the three-axis tool holder
involved static load measurements, comparison of the speed of operation
between the modified and unmodified stations, and subjective observations
of the engineers and the team members who used the device. The static
load measurements showed that the external load on the user’s right arm
was reduced by 50% and the forces due to supination are reduced to zero.
During the trials of the third prototype the operator using the three-axis
tool holder initially lagged behind the operator on the unmodified station by
two bolts and sometimes by one bolt. With the fourth version of the threeaxis tool holder, some workers were faster than the operators performing
the rear door operation. The three-axis tool holder proved successful in
transmitting the dynamic forces due to recoil away from the users hands to
the ground via the door mount fixture.
The three-axis tool holder was evaluated by S, the team members,
engineers, ergonomic co-ordinators, and Saturn leadership. They described
the idea as “unique” and were impressed with the reduction in external
loads and elimination of the recoil forces from the users hands. After the
delivery of the final prototype with the revision in the tool clamp, base
clamps, and right-angled connection for the power cord Saturn assumed
responsibility for any further revisions and will duplicate the prototype to
implement on all the other door mount operations.
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Installation of the three-axis tool holder on-line by Saturn
Saturn assumed the responsibility for duplication and installation of
the three-axis tool holder in all door mount operations after the delivery of
the revised version of Prototype 4 of the three-axis tool holder. A Saturn
team of engineers will install the tool holder and evaluate it for regular use
on the assembly line. The questions concerning reliability, performance for
extended periods of time, and structural strength will be answered only
after this is done. This on-line evaluation is expected to begin in December
1995. Hence several conclusions regarding reliability of the three-axis tool
holder, return to the assembly line of the restricted worker, prevention of
re-injury, and improvement in efficiency of door mount operation cannot yet
be drawn for purposes of this thesis.

OBJECTIVE EVALUATION OF THE THREE-AXIS TOOL HOLDER

STATIC LOADS AT THE RIGHT LATERAL EPICONDYLE FOR THE
BOLT LOADING OPERATION USING THE THREE-AXIS TOOL
HOLDER
Briefly summarizing from Chapter 3 (refer to Figures 3.6-3.8):
Weight of hand, Wh = 1.18 lb.
Weight of the tool, Wt = 6 lb.
zt = 2.5 in.
ZECRB = 0.4766 in.
zecu

= 0.3559 in.

zsu = 0.0962 in.
0 = 45g
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The equations for calculation of the muscle forces at the lateral epicondyle
are
F ecrb x zecrb =

KWt + WH) x zt] x cos( 0 )

-(3.1)

F ecu x zecu = [(Wt + W h ) x zt] x cos( 0 )

-(3.2)

Fsu x zsu = Wt x lt

-(3.3)

where zsu?

zecrb,

and

zecu

are the moment arms for the supinator, extensor

carpi radialis brevis, and extensor carpi ulnaris.
The assumption here is that the worker holds the three-axis tool
holder with the forearm midprone similar to the way S held the tool for the
bolt loading operation. The three-axis tool holder only requires the user to
use one hand for performing the door bolt operation. Hence the user could
use his/her right or left arm for performing the operation. If the operator
uses the left arm then it can be said that 100% reduction in the external
loads has been achieved for the right arm. This would be the ideal solution
for S.

However, in order to evaluate this design as a universal job

modification concept (and based on observations during the on-line trials) it
must be assumed that the user uses the right arm for performing this
operation. For this reason, the moments at the right lateral epicondyle due
to the three-axis tool holder have been calculated. The force at the end of
the three-axis tool holder was measured using digital load scales as 2.75 lb.
(for both bolting and loading operations). There is no longer any supination
moment required since the handle end of the tool is carried by the threeaxis tool holder on the door mount fixture making it a doubly-supported
body with a reaction force at each end.

Hence it can be said that the

supination moment has been reduced to zero.
Wt = 2.75 lb.
It = 0
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Using these values in equations 3.1, 3.2, and 3.3 we have the forces
at the right lateral epicondyle for the loading operation (assuming the worst
case defined in Chapter 3) as
F ecrb = 14.58 lb.

Fecu = 19.52 lb.
Fsu = 0 lb.
Total force at the lateral epicondyle = 34.10 lb.
This represents a decrease of an order of magnitude of 13 as compared to
the total force in the unmodified operation.

Compared to the forces

obtained in Chapter 3 for the loading operation F ecrb and F ecu have
decreased by 45%. Thus, the three-axis tool holder has reduced the wrist
extension moment by 45% (which is one of the design goals). It has reduced
the force due to supination at the lateral epicondyle by 100%.

COMPARISON OF INTENDED REDUCTION AND ACHIEVED
REDUCTION IN LOADS WITH THE THREE-AXIS TOOL HOLDER

EXTERNAL LOADS
The three-axis tool holder requires only 2.75 lb. force at its drive head
to perform the bolting and loading operations. This was measured using
digital load scales at a simulated worksite at the Human Function
Laboratory in the University of Tennessee, Memphis Rehabilitation
Engineering Program (UTREP). The weight of the gun is 6 lb. which was
the external load supported by S’s right arm when loading bolts. The threeaxis tool holder has reduced this to 2.75 lb. for the bolt loading operation.
This represents a 54% decrease in the vertical force on the right hand for
the bolt loading operation.
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WRIST EXTENSION MOMENTS IN THE RIGHT HAND
During the trials the workers held the tool in various ways. In the
model developed in Chapter 3 the forearm is midprone and the external
load and weight of the hand require wrist extension moments and forearm
supination moments. The loads will vary depending on the anthropometries
of the individual and the user style. This model enables us to approximate
the forces at the right lateral epicondyle, required to generate the necessary
wrist extension and forearm supination moments. The wrist extension
moments in the right hand when using the three-axis tool mount have been
reduced by 45% as compared to the bolt loading in the unmodified station.
The three-axis tool holder is designed to eliminate supination moments.

NEUTRAL POSITIONING
The three-axis tool holder, because it reduces the number of degrees
of freedom available to the tool from six to three, constrains the user’s
postures. These postures (as proven by the statics model) are less injurious
as the moments at the lateral epicondyle are reduced. The postures vary
with individuals and the styles adopted by them to perform the operation.
The postures adopted by the workers using the three-axis tool holder for
bolts 2, 3, and 4 (during the trials on the assembly line bolt 1 was put in by
another operator) are shown in figure 5.1 - 5.3. In the neutral position the
wrist has zero extension, flexion, radial and ulnar deviation. The three-axis
tool holder maintains the wrist in the neutral position for the bolting
operation. Figure 5.4 shows the operator using the three-axis tool holder
with her left hand. Thus, the posture adopted while using the three-axis
tool holder can be varied to rest the tired muscles.
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Figure 5.1B Right side view of bolt 2 operation
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Figure 5.4A Mannequin representation showing the use of the left
hand for operating the three-axis tool holder
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Figure 5.4B Left side view of operator using the left hand
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NON-DOMINANT ARM
The three-axis tool holder is designed to make use of only one arm
while performing the bolting operation. The non-dominant arm is freed for
the user to utilize it in any manner. If we assume that the operator uses
the left arm then the right arm is free and vice versa. In the unmodified
operation the left hand positioned the tool end and maintained it in position
until the bolting operation was completed. When the right arm is used for
operating the three-axis tool holder the left arm is used for loading the bolts
into the end of the gun. The right arm does not support the entire weight of
the gun since the three-axis tool holder is supported by the door mount
fixture.

SUPINATION FORCES WHILE LOADING THE BOLT
The three-axis tool holder reduced the supination moment at the
lateral epicondyle to zero by reducing It to zero. Thus, it can be said that
the three-axis tool holder has succeeded in eliminating the supination
moment occurring due to loading of the bolt at the end of the tool. This is
one of the most important characteristics of the three-axis tool holder.

RECOIL OF THE ELECTRIC TORQUE GUN
The other force identified as potentially injurious to human tissues is
the transient recoil force of the electric torque gun. During the bolting
operation, when the bolt seats the gun is subjected to a recoil in the
direction opposite to its direction of turn. This “kick” of the unmodified gun
results in wrist extension if the forearm is supinated requiring a flexor
moment at the wrist to counteract. To avoid this brief but significant load,
the reaction force needed to be provided by ground through a path not
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involving the soft tissue and skeletal structures of the body. The three-axis
tool holder is mounted on a relatively massive fixture and the electric
torque gun is clamped to the tool mount device. When the bolt seats, the
recoil force is transmitted by the tool clamp through its mechanical
elements, to the door mount fixture and the space frame to ground. In this
manner, a 100% reduction in the recoil forces transmitted through the
worker’s muscles and skeleton has been achieved.

DESIGN ACHIEVEMENTS
In summary it can be said that the design objectives have been
attained. The design achievements are:
1) Decrease in the total force at the lateral epicondyle due to wrist
extension and supination by an order of magnitude o f thirteen,
2) 54% reduction in the external vertical force on the tool
supporting hand,
3) providing the option of one-arm tool-support for performing the
bolting operation,
4) prevention of potentially injurious body and limb postures
despite the increased kinematic constraints of the modified tool,
5) 45% reduction in the wrist extension forces applied to the
lateral epicondyle in the tool-support limb,
6) 100% reduction in the supination force in the tool-support limb
during the bolt-loading, and
7) a transmission path for the recoil force to ground without
involvement of the worker’s limbs.
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PERFORMANCE EVALUATION

The speed of the worker using the three-axis tool holder was
compared to the speed of the production line and to worker speed on the
unmodified rear door installation operation.

The next phase involved

subjective evaluations by S, the team members who carried out the trials,
the engineers, ergonomic co-ordinators, and others who evaluated the
device.
N otation
The symbols used in the tables and in the data analysis are explained
below for purposes of understanding the text better.
T = total time for driving 3 (or 4) bolts depending on the trial
t = time required for driving one bolt
av = average value
P3 = Prototype 3 of the three-axis tool holder
P4 = Prototype 4 of the three-axis tool holder
RD = Rear door operation
X = Average time required per bolt using the three-axis tool holder
Y = Average time required per bolt in the unmodified operation
xi = Time required per bolt using the three axis tool holder
yi = Time required per bolt at the unmodified station
X = Summation
a = Standard deviation
tstat = t-value calculated using the t-test
I - Operator I, II - Operator II, III - Operator III, IV - Operator IV, and
V - Operator V
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PURPOSE OF THE ON-LINE TRIALS
On-line trials of the three-axis tool holder were conducted to
determine worker speed with it as compared to the cycle time for front door
installation specified in the operator descriptions (ODs) for the Doors team.
The operator descriptions, seen in Figures 5.5 and 5.6, show the maximum
work cycle times for the front door installation process (El #s 18-42) to
maintain the line speed. These operator descriptions are for the modified
operation where the operator is now required to drive three bolts instead of
four (refer to Figure 5.5). Hence for the on-line trials of Prototype 3 the
average time (from the actual time) for driving one bolt is calculated and
from it the time required for four bolts obtained.
actual time for driving three bolts (from the operator descriptions) T = 18.6
secs
time required per bolt, tav = 6.2 secs
time required for driving four bolts, Tst = 24.8 secs
The time required by a tool in the three-axis tool holder for the front
door installation process was compared to the above values to determine
whether the tool holder was successful in maintaining the line speed.

METHODS
On-line trials of Prototype 3 and Prototype 4 of the three-axis tool
holder were carried out in the assembly line on August 22nd, 1995 and
September 19th, 1995 respectively. The three-axis tool holder was attached
to the door mount fixture used for front door installation on the left side of
the car. The trials for Prototype 3 were carried out by the Doors team
members of “B” crew. The on-line evaluations of Prototype 4 were done by
the Doors team members of “A” crew.
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ELEMENTAL OPERATION DESCRIPTION
MODULE
TEAM
OPERATION

DOORS
07
ON LINE FRONT DOOR INSTALL RH or LH

GROUP CODE

OR0703

DATE REVISED

1/16/95

MODEL YEAR:

1995 INT

PLANNING:

X

ACTUAL:

NUMBER OF OPERATORS
LINE SPEED (JOBS PER HOUR)

66 2

STATION CYCLE TIME (SECS)

52 8

TARGET LOADING

95%

SCHEDULE f

12-2

SO 1

STATION CYCLE TIME AT TARGET LOAD

STD

VALU

STD

ENG

WORK CYCLE TIMES (SEC)

ADO

MODI

OPT

FREQV

OATA

DATA

STD

STD

ACT.

WTD

WTD

N/V

N/V

V/N

USE

USE

MUSE

CHART

FORMULA

DATA

DATA

TIME

ACT

STD

ACT.

STD

(MIN)

(SEC)

TIME

TIME

TIME

TIME

N

ALL

ALL

100%

56-01 6

0-27RO

0 01

06

06

06

06

06

06

V

ALL

ALL

100%

50 14

3N.BBAJ- 03

0 03

I8

18

18

18

20 GET GUN FROM NEST. SIMO WITH G ET BOLTS

N

A ll

ALL

100%

50-11A

SIM.12IN.3-71 BS.12WD3 02

22 PLACE 1ST SCREW TO GUN

V

ALL

ALL

100%

50 14A

4IN 0 21 BS.IF.IPM

001

06

06

06

06

24 PLACE GUN TO HOLE #2 (SEQUENCE TO RUN IS

V

ALL

ALL

100%

20 02

WFB.IPF.E.8 -2S0M

0 02

12

12

12

12

26 SECURE 1ST SCREW IN HOLE #2

V

ALL

ALL

100%

2&09 metric

400RPM.I 2SMPTX.22DDX.R.ST.30NMX' 057

006

34

34

34

34

28 PLACE 2ND SCREW TO GUN

V

ALL

ALL

100%

50 I4A

4IN.0 2LBS.LF. 1PM

001

06

08

06

06

30 PLACE GUN TO HOLE 14 (SEQUENCE TO RUN IS

V

A ll

ALL

100%

20 02

WFB.LPF.E.I-25DM

0 02

12

12

12

12

V

AIL

ALL

100%

20 09 metric

400RPM.I 25MPTX.22DDX.R.ST.30NMX* 0S7

0 06

34

34

34

34

EL
ELEMENT DESCRIPTION

I

16 WAIT FOR ACTIVATE AIR BALANCER TO CORRECT
GAUGE READING BY REAR OPERATOR

IB

GET 3 BOLTS FROM TRAY

2. 4. 3)
Modified pattern due to needing to run boll f t on
subsequent job - accessibility problem on rear door)

2. 4. 3)

32 SECURE 2NO SCREW IN IIOl E f4

Figure 5.5A Operator description showing the actual time
required for front door installation process (El #s 16-32)

ELEMENTAL OPERATION DESCRIPTION
MODULE : DOORS
TEAM:

07

OPERATION : ON-LINE FRONT DOOR INSTALL RH Of LH
GROUP CODE : DR0703
DATE REVISED:

MODEL YEAR

1/16/95

1995 IN T

PLANNING:
NUMBER OF OPERATORS :

1

LINE SPEED (JOBS PER HOUR) :

68 2

STATION CYCl E TIME (S E C S ).

52 8

TARGET LOADING

ACTUAL:
SCHEDULE #:

95%

STATION CYCLE TIME AT TARGET LOAD :

50 1
VALU
ADO

El
8

ELEMENT DESCRIPTION

12-2

V/N

STD
MODL
USE

OPT
USE

FREQV
%USE

STD

ENG

WORK CYCLE TIMES (SEC)

DATA

DATA

STO

STD

ACT.

WTD

WTD

N/V

N/V

CHART

FORMULA

DATA

DATA

TIME

ACT

STD

ACT

STD

(MIN)

(SEC)

1IME

TIME

TIME

TIME

34

PLACE 3RD SCREW TO GUN

V

ALL

ALL

100%

S0-14A

4IN.0 2LBSLF.tPM

0 01

06

06

06

06

36

PLACE GUN TO HOLE 83 (SEQUENCE TO RUN IS

V

ALL

ALL

100%

20 02

WFB.LPF.E.B 25DM

0 02

1.2

12

1.2

12

2 4. 3)

38

SECURE 3RD SCREW IN HOLE 83

V

ALL

ALL

100%

20-09 metric

400RPM.1 25MPTX.22DDX.R.ST.30NMX= 057

006

34

34

34

34

42

DISPOSE GUN TO CARRIER

N

ALL

ALL

100%

50-14A

12IN.3-I7LBS.LF.1PM

002

12

1.2

12

12

12

12

46

UNCLAMP DOOR FROM FIXTURE

N

ALL

ALL

100%

56 01-1

OCT

0 02

12

12

12

12

12

12

48

UNCLAMP FIXTURE FROM CAR

N

ALL

ALL

100%

56-01-1

OCT

0 02

12

12

1.2

12

12

12

50

UNLOAD FIXTURE FROM CAR

N

ALL

ALL

100%

SO IIA

SIM.<6IN.8 I2LBS.6WD

0 02

1.2

1.2

1.2

12

12

12

52

RETURN 8 PACES TO HINGE INSTALL FIXTURE TO

N

ALL

ALL

100%

50-19

8P.UOBS

006

48

48

48

48

48

48

N

2DR

ALL

22%

50 19

4P.UOBS

0 04

24

24

05

05

05

05

REPEAT PROCESS

54

ADDITIONAL ROUND TRIP PACES FOR COUPE
FIXTURE OFFSET FROM THE 4 DOOR FIXTURE

Figure 5.5B Operator description showing the actual time
required for front door installation process (El #s 34-54)

The on-line trials from start to finish was captured on videotape.
From this video footage, the time taken by the operators for front door and
rear door installation was determined using a stop watch. The timings
were accurate to one-hundredth of a second. Human error in the operation
of the stop watch should be taken into account while analyzing the data.

DATA COLLECTION AND OBSERVATIONS
W orker speeds w ith Prototype 3 o f the three-axis tool holder
During the trial of Prototype 3 of the three-axis tool holder an eight
inch extension was initially used.

The first operator did not feel

comfortable with it and it was replaced by a 10 inch extension. The 10 inch
extension did not clear the vertical member of the door mount fixture as a
result the operator using the three-axis tool holder lagged the operator at
the unmodified station by two bolts (refer to Figure 5.6). This led to the 10
inch extension being replaced with the eight inch extension and then the
stopwatch was started.
The times required by the operator for attaching the front door to the
space frame using the three-axis tool holder and the time for the unmodified
rear door installation process were determined (refer to Table 5.1). The
three-axis tool holder was evaluated by five workers. The modified station
was, on an average, a bolt slower than the unmodified station, that is, the
worker with the three-axis tool holder drove three bolts in the time required
for four bolts at the rear door. The timings for twenty-five trials for these
five users were measured using a stop watch (refer to Table 5.1).
Columns 2 and 3 in Table 5.1 show the times taken for driving four
bolts in the modified and unmodified stations. The average time for driving
four bolts at the modified station by all five operators is 23.96 seconds.
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Fixtu re

used

fo r

door

mount o p e r a t i o n

D ashed lines in d ica te axis o f t h e t o o l in t h e t h r e e - a x is
t o o l h o ld e r

F igu re 5.6 Space u tilization b y the tool in the th ree-axis to ol h old er
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T ab le 5.1
C om p arison o f w orker speeds at the m od ified and u n m od ified
stations u sin g P rototype 3 o f the three-axis tool h old er

Trial

Time for
“ shooting”
fou r bolts
w ith the
three-axis
tool holder
seconds

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

24.79
17.3
16.19
27.22
35.32
35.43
23.58
23.66
25.82
16.99
23.71
29.91
22.65
22.41
22.62
22.94
21.23
20.47
19.49
24.22
21.37
21.61
22.72
24.27
32.96
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Time for
“ shooting”
fou r bolts in
the
unm odified
rear d oor
operation
seconds
22.39
16.82
15.29
18.66
14.65
16.29
15.13
15.38
19.51
18.04
16.43
15.96
15.15
14.74
16.43
15.98
16.71
19.21
17.61
24.25
18.03
16.43
19.61
14.23
17.18

TP3 = 23.96 seconds
Time required by operator at the unmodified station for driving four bolts
T rd = 18.70 seconds
It can be seen that Tp3 < T and hence was sufficient in maintaining line
speed.
W orker speeds w ith Prototype 4 o f the three-axis tool h older
The worker speeds of the modified front door mount operation was
compared to the maximum allowable time required to drive three bolts to
maintain the line speed (T = 18.6 secs) and to the rear door mount operation
on the left hand side of the car. Five operators tried out the three-axis tool
holder on the front door install operation. During these trials the operators
had to put in three bolts and not four as has been the case. The top bolt was
put in by another operator. The time taken by the operators at the modified
and unmodified stations are shown in the Tables 5.2 to 5.6. It is clearly
evident from the tables that the speeds improved as the workers got used to
the operation.
Average time required for driving three bolts for front door
installation and rear door installation on left side of the car for five
operators are:
Tp4 i = 14.14 secs

Trdi = 12.53 secs

Tp4 n = 13.76 secs

Trdii = 12.20 secs

Tp4 in = 12.71 secs

T rdiii = 12.10 secs

Tp4 iv = 15.64 secs

T rdiv = 16.67 secs

Tp4 v = 11.60 secs

T rdv = 18.2 secs

The raw data (Tables 5.2-5.6) indicates that the total time required to
drive three bolts (Tp4 i-Tp4 v) is less than the total time required by
Prototype 3 (Tp3 = 17.97 secs, for driving three bolts) of the three-axis tool
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T able 5.2
C om p arison o f w ork er speeds at the m od ified and u n m od ified
door m ount operations u sing Prototype 4 o f the th ree-axis tool
h old er

O perator I

Trial

Time fo r
driving fou r
bolts w ith the
three-axis tool
holder
seconds

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

17.11
12.84
14.92
13.55
14.9
11.39
14.22
13.89
12.08
12.27
13.85
14.59
16.68
12.47
15.98
16.91
15.00
12.62
12.93
14.57

199

Time for
driving fou r
bolts in the
unm odified
rear door
operation
seconds
14.75
12.62
12.43
11.36
14.26
11.67
13.34
11.28
10.79
11.75
11.59
13.91
12.69
11.61
13.44
12.44
12.81
12.45
12.70
12.30

T able 5.3
C om p arison o f w orker speeds at the m od ified an d u n m od ified
door m ou n t operations u sing P rototype 4 o f the th ree-axis tool
h old er

O perator II
Trial

Time for
driving fou r
bolts w ith the
three-axis tool
holder
seconds

1
2
3
4
5
6
7

14.87
14.76
13.19
14.02
12.63
12.38
14.49
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Time for
driving fou r
bolts in the
unm odified
rear d oor
operation
seconds
11.73
12.20
13.30
11.93
11.62
12.46
12.19

T able 5.4
C om p arison o f w orker speeds at the m od ified and u n m od ified
door m ount operations using P rototype 4 o f the three-axis tool
hold er

O perator III
Trial

Time for
driving fou r
bolts w ith the
three-axis tool
holder
seconds

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

13.93
15.54
15.28
11.67
15.09
13.23
11.94
12.30
11.99
12.87
12.89
12.18
15.55
11.25
11.70
11.82
16.83
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Time for
driving fou r
bolts in the
unm odified
rear d oor
operation
seconds
12.79
11.15
12.62
12.40
12.29
12.05
11.77
12.98
11.95
11.70
11.07
11.36
12.10
12.26
13.33
11.20
12.71

T able 5.5
C om parison o f w orker speeds at the m od ified and u n m od ified
door m ount operations using Prototype 4 o f the three-axis tool
h old er

O perator IV
Trial

1
2
3
4
5
6
7
8

Time fo r driving
fou r bolts with
the three-axis tool
holder
seconds
20.47
14.80
14.18
12.43
14.01
15.54
21.60
12.11
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Time fo r driving
fou r bolts in the
unm odified rear
d oor operation
seconds
14.06
14.35
16.58
17.87
15.30
12.83
22.95
19.43

T able 5.6
C om p arison o f w orker speeds at the m odified and u n m od ified
door m ount operations u sing Prototype 4 o f the th ree-axis tool
holder

O perator V

Trial

1
2
3
4
5
6
7
8
9
Mean
a

Time for
driving fou r
bolts w ith the
three-axis tool
holder
seconds
11.71
11.82
13.10
14.23
11.45
9.89
11.10
11.34
9.80
11.61
1.32
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Time for driving
fou r bolts in the
unm odified rear
d oor operation
seconds
18.36
28.93
15.40
23.46
17.79
16.31
13.96
12.42
17.14
18.18
4.79

holder. This marks an improvement in the performance of Prototype 4 as
compared to Prototype 3 of the three-axis tool holder.

STATISTICAL ANALYSIS
Statistical analysis fo r P rototype 3
Time per bolt at the modified station (see Table 5.7)
tp3 = 5.99 seconds
Time per bolt at the unmodified station (see Table 5.7)
tRD = 4.3 seconds
It can be seen from Table 5.7 that tp3 is less than tav (= 6.2 secs) and
hence was sufficient in maintaining the line speed. Time required per bolt
at the unmodified station, tRD was only 60% of tav and hence the speed of
the worker using the three-axis tool holder was much lesser than the speed
of the worker at the unmodified operation. It should be noted that during
the entire trial period the assembly line was not stopped even once as a
result of using the three-axis tool holder.
The standard deviation is calculated as follows:
a = { I (X-Xi)2/i}0-5

(5.1)

From Table 5.2 we have
GP3 = 1.23 and
tfRD = 0.58
The differences in the variances of the modified and unmodified
operations is extremely large, that is, variance of the modified operation
using Prototype 3 is 20 times the variance of the unmodified rear door
operation.
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T able 5.7
T im e req u ired p er bolt at the m od ified and u n m od ified station s
and calcu lation o f standard deviation for trials u sin g
P rotoyp e 3

Trial
i

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Time
per bolt
for the
threeaxis tool
holder
(x.)
seconds
6.2
4.33
4.05
6.81
8.83
8.86
5.9
5.92
6.46
4.25
5.93
7.48
5.66
5.6
5.66
5.74
5.31
5.12
4.87
6.01
5.34
5.4
5.68
6.07
8.24
X = 5.99

X-x,

( X-

X,)’

Time
per bolt
at the
unmod
ified
station

X-y,

( X - y ,)2

-1.3
0.09
0.48
-0.37
-0.36
0.23
0.52
0.45
-0.58
-0.21
0.19
0.31
0.51
0.61
0.19
0.31
0.12
-0.5

1.69
0.0081
0.2304
0.1369
0.1296
0.0529
0.2704
0.2025
0.3364
0.0441
0.0361
0.0961
0.2601
0.3721
0.0361
0.0961
.0144
0.25
0.01
3.0976
.0441
.0361
0.36
0.5476
0
X =
8.36

(y,)

-0.21
1.66
1.94
-0.82
-2.84
-2.87
0.09
0.07
-0.47
1.74
0.06
-1.49
0.33
0.39
0.33
0.25
0.68
0.87
1.12
-0.02
0.65
0.59
0.31
-0.08
-2.25

0.0441
2.7556
3.7636
0.6274
8.0656
8.2369
0.0081
0.0049
0.2209
3.0276
0.0036
2.2201
0.1089
0.1521
0.1089
0.0625
0.4624
0.7569
1.2544
0.0004
0.4225
3.481
0,0961
0.0064
5.0625
1=
37.87
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seconds
5.6
4.21
3.82
4.67
3.66
4.07
3.78
3.85
4.88
4.51
4.11
3.99
3.79
3.69
4.11
3.99
4.18
4.8
4.4
6.06
4.51
4.11
4.9
3.56
4.3
Y = 4.30

-

0.1

-1.76
-0.21
0.19
-0.6
0.74
0

Statistical analysis for Prototype 4
Tables 5.8-5.12 show the time required per bolt for each operator.
tp4 i = 4.71 secs

tRDi = 4.18 secs

tp4 n = 4.59 secs

tRDii = 4.07 secs

tp4 in = 4.43 secs

t R D iii

tp4 iv = 5.21 secs

tRDiv = 5.56 secs

tp4 v = 3.87 secs

tpov = 6.06 secs

= 4.03 secs

The time required per bolt shows that operators IV and V were faster than
their counterparts at the unmodified rear door operation. The time per bolt
for all five operators was well below the time required per bolt (tav = 6.2
secs) to maintain the line speed. Thus the revised version of the three-axis
tool holder improved the speed of operation and showed that it is faster
than the unmodified operation (Timings for Operator IV and V).
The standard deviations for all five operations were calculated using
equation 5.1. For Operator I the variance of the modified operation is
nearly 3 times the variance of the unmodified operation. For operator II the
variance of the modified operation is nearly three times the variance of the
unmodified operation.

For Operator III the variance of the modified

operation is nearly seven times the variance of the unmodified operation.
This data seems to be indicative of the relative unfamiliarity of the modified
operation.

In contrast, for Operator IV the variance of the modified

operation is approximately equal to the variance of the unmodified
operation and for Operator V the variance of the unmodified operation is 23
times the variance of the modified operation.
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T able 5.8
T im e req u ired p er b olt at the m od ified and un m od ified station s
and calcu lation o f standard deviation for trials w ith O p erator I
u sin g P rototype 4

Trial
i

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Time
per bolt
for the
threeaxis tool
holder
(x,)
seconds
5.70
4.28
4.97
4.52
4.97
3.80
4.74
4.63
4.03
4.09
4.62
4.86
5.56
4.16
5.33
5.64
5.00
4.21
4.31
4.86
X = 4.71

(X - x,)2 Time per
bolt at
the
unmod
ified
station

(I-y/

<y.)

0.9801
0.1849
0.0676
0.0361
0.0676
0.8281
0.0009
0.0064
0.4624
0.3844
0.0081
0.0225
0.7225
0.3025
0.3844
0.8649
0.0841
0.25
0.16
0.0225
1 =
5.84

seconds
4.92
4.21
4.14
3.79
4.75
3.89
4.45
3.76
3.66
3.92
3.86
4.64
4.23
3.87
4.49
4.15
4.27
4.15
4.23
4.10
Y = 4.17
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0.5625
0.0016
0.0009
0.1444
0.3364
0.0784
0.0784
0.1681
0.2601
0.0625
0.0961
0.2209
0.0036
0.09
0.1024
0.04
0.01
0.0004
0.0036
0.0049
I = 2.07

T able 5.9
Tim e req u ired p er b olt at the m od ified and un m od ified stations
and calcu lation o f standard deviation for trials w ith O p erator
II u sin g P rototype 4

Trial
i

1
2
3
4
5
6
7

Time (X - x,)2
per
bolt
for the
threeaxis
tool
holder
(x.)
second
s
4.96
0.1369
0.1089
4.92
0.0144
4.40
0.0256
4.67
0.1444
4.21
0.2116
4.13
0.0576
4.83
X=
1 =
0.56
4.59

Time
per
bolt at
the
unmod
-ified
station

(X - yf

(y.)

seconds

3.91
4.07
4.43
3.98
3.87
4.15
4.06
Y=
4.07
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0.0256
0
0.1296
0.0081
0.04
0.0064
0.0001
1 =
0.21

T able 5.10
T im e requ ired p er b olt at the m od ified and un m od ified stations
and calcu lation o f standard deviation for trials w ith O p erator
III u sin g Prototype 4

Trial
i

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17.

Time
per
bolt
for the
threeaxis
tool
holder
(x.)
seconds
4.64
5.18
5.09
3.89
5.03
4.41
3.98
4.10
3.99
4.29
4.30
4.06
5.18
3.75
3.90
3.94
5.61
x =
4.43

(Xx,)2

Time
per
bolt at
the
unmod
ified
station
(y.)
seconds

( X - y ,)2

0.0441
0.5625
0.4356
0.2916
0.36
0.0004
0.2025
0.0529
0.1936
0.0196
0.0169
0.1369
0.5625
0.4624
0.2809
0.2916
1.3924
X=
5.11

4.26
3.71
4.21
4.13
4.10
4.01
3.92
4.33
3.98
3.90
3.69
3.79
4.03
4.09
4.44
3.73
4.24

0.0529
0.1024
0.0324
0.01
0.0049
0.0004
0.0121
0.09
0.0025
0.0169
0.1156
0.0576
0
0.0036
0.1681
0.09
0.0441
X=
0.80

X =

4.03
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T able 5.11
Tim e req u ired p er bolt at the m odified and un m od ified stations
and calcu lation o f standard deviation for trials w ith O p erator
IV u sin g P rototype 4

Trial
l
•

1
2
3
4
5
6
7
8

Time
per
bolt
for the
threeaxis
tool
holder
(x,)
seconds
6.82
4.93
4.73
4.14
4.67
5.18
7.2
4.04
x =

5.21

(X-

x,)2

Time
per bolt
at the
unmod
ified
station

(X - y ;)2

(y.)

seconds

2.5921
0.0784
0.2304
1.1449
0.2916
0.0009
3.9601
1.3689
1 =
9.67

4.69
4.78
5.53
5.96
5.10
4.27
7.65
6.48
Y = 5.56
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0.7569
0.6084
0.0009
0.16
0.2116
1.6641
4.3681
0.8464
1 =
8.62

T able 5.12
T im e requ ired per b olt at the m od ified and u n m od ified stations
an d calcu lation o f standard deviation for trials w ith O p erator
V u sin g P rototype 4

Trial
i

1
2
3
4
5
6
7
8
9

Time per
bolt for
the
threeaxis tool
holder
(x{)
seconds
3.90
3.94
4.37
4.74
3.82
3.30
3.70
3.78
3.27
X= 3.87

(X-x,)2

Time
per bolt
at the
unmod
ified
station

(X -y)2

(y,)

0.0009
0.0049
0.25
0.0169
0.0025
0.3249
0.0289
0.0081
0.36
I = 1.00

seconds
6.12
9.64
5.13
7.82
5.93
5.44
4.65
4.14
5.71
Y = 6.06
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0.0036
12.8164
0.8649
3.0976
0.0169
0.3844
1.9881
3.6864
0.1225
1=
22.98

T-test to detect early learning for Operators using Prototype 4
The t-test for the difference was done at a level of significance of a =
0.05. The tgtat value is calculated according to equation 5.2.
tstat = (A -A )/(a A/n i /2 )

(5.2)

Tables 5.13-5.18 show the calculation of tstat- values to find the level of
significance for the difference in means between the first half and second
half of the trials. The following analysis is done for 0.05 level of significance
(a).
The t-test for the two halves of the modified operation was done (refer
to Tables 5.13-5.18) using equation 5.2 and a = 0.05. For Operators I and
IV, A is negative indicating, if anything, a decrease in speed in the second
half conceivably due to fatigue. In neither case is the calculated t-value
sufficient to conclude significance at the 0.05 level.
For Operator I, tstat = -1.27 and the value of to.os for 9 degrees of
freedom is 1.833. We can conclude that the two means are not significantly
different (refer to Tables 5.13 and 5.18). Hence the learning occurring
between the first ten trials and the next ten trials is not significant.
For Operator II, tstat = 3.64 and the value of to.os for 2 degrees of
freedom is 2.92. We can conclude that the two means are significantly
different (refer to Tables 5.14 and 5.18). We can conclude that the learning
between the first set of three trials and the next three trials for Operator II
is significant as P is less than 0.05.
For Operator III, tstat = 2.55 and the value of to.os for 7 degrees of
freedom is 1.895. We can conclude that the two means are significantly
different (refer to Tables 5.15 and 5.18). Again we can say that significant
learning has occurred between the first set of eight trials and the next set of
eight trials for Operator III since P is less than 0.05.
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T able 5.13
C om parison betw een the first h a lf o f trials and the second
h a lf o f trials for O perator I u sing Prototype 4

Number

1
2
3
4
5
6
7
8
9
10

Time per
Time per
bolt for the bolt for the
modified
modified
operation
operation
First half
Second
trials
half trials
secs
secs
4.62
5.70
4.86
4.28
4.97
5.56
4.52
4.16
5.33
4.97
5.64
3.80
4.74
5.00
4.21
4.63
4.31
4.03
4.86
4.09
Avg = 4.86
Avg = 4.57

A
secs

(A - A;)2

0.92
-0.58
-0.59
0.36
-0.36
-1.84
-0.26
0.42
-0.28
-0.77
A = -0.29

1.4641
0.0841
0.09
0.4225
0.0049
2.4025
0.0009
0.5041
0.0001
0.2304
X = 5.20

Table 5.14

4.96
4.92
4.40
Avg = 4.76
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A
secs

0.29
0.71
0.27
A = 0.42

to

1
2
3

Time per
bolt for
the
modified
operation
Second
half trials
secs
4.67
4.21
4.13
Avg = 4.34

I

Time per
bolt for the
modified
operation
First half
trials
secs

_>
W'

Number

l>

Comparison between the first half of trials and the second
half of trials for Operator II using Prototype 4

0.0169
0.0841
0.0225
X = 0.1235

T able 5.15
C om parison betw een the first h a lf o f trials and the second
h a lf o f trials for O perator III u sing Prototype 4

Number

1
2
3
4
5
6
7
8

Time per
bolt for
the
modified
operation
First half
trials
secs
4.64
5.18
5.09
3.89
5.03
4.41
3.98
4.10
Avg = 4.54

Time per
bolt for the
modified
operation
Second
half trials
secs

A
secs

(A - A.)2

3.99
4.29
4.30
4.06
5.18
3.75
3.90
3.94
Avg = 4.18

0.65
0.89
0.79
-0.17
-0.15
0.66
0.08
0.16
A = 0.36

0.0841
0.2809
0.1849
0.2809
0.2601
0.09
0.0784
0.04
1 = 1.3

Table 5.16
Comparison between the first half of trials and the second
half of trials for Operator IV using Prototype 4
Number

1
2
3
4

Time per
bolt for
the
modified
operation
First half
trials
secs
6.82
4.93
4.73
4.14
Avg = 5.16

Time per
bolt for
the
modified
operation
Second
half trials
secs
4.67
5.18
7.2
4.04
Avg = 5.27
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A
secs

(A - A.)2

2.15
-0.25
-2.47
0.10
A = -0.12

5.1529
0.0169
6.7081
0.0484
X = 11.93

T able 5.17
C om parison betw een the first h a lf o f trials and the second
h a lf o f trials for O perator V u sing P rototype 4

Number

1
2
3
4

Time per
bolt for
the
modified
operation
First half
trials
secs
3.90
3.94
4.37
4.74
Avg = 4.24

Time per
bolt for the
modified
operation
Second
half trials
secs

A
secs

(A-A,)2

3.82
3.30
3.70
3.78
Avg = 3.65

0.08
0.64
0.67
0.96
A = 0.59

0.2601
0.0025
0.0064
0.1369
1 = 0.41

Table 5.18
Calculation of tstat values for the difference between the first
half of trials and second half of the trial for each operator
Operator

Operator I

Name of
trial

First half
Second half
Operator II First half
Second half
Operator III First half
Second half
Operator IV First half
Second half
Operator V First half
Second half

Average
time per
bolt
secs
4.57
4.86
4.76
4.34
4.54
4.18
5.16
5.27
4.24
3.65
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A
secs

aA

-0.29

0.72

-1.27

1.833

0.42

0.20

3.64

2.92

0.36

0.40

2.55

1.895

-0.12

1.73

-0.14

2.353

0.59

0.32

3.69

2.353

^ s ta t

For Operator IV, tstat = -0.14 and 2.353 is the value of to.os for 3
degrees of freedom. Hence we can conclude that the two means are not
significantly different (refer to Tables 5.16 and 5.18).

No significant

learning has occurred between the first four trials and the last four trials
for Operator IV.
For Operator VI, tstat = 3.69 and 2.353 is the value of to.0 5 for 4
degrees of freedom.

Hence we can conclude that the two means are

significantly different (refer to Tables 5.17 and 5.18). Significant learning
has occurred between the first four trials and the last four trials for
Operator V as P is less than 0.05.

CONCLUSIONS
The workers interest in the device was evident when they called to
their counterparts on different tasks and asked them to try out the tool
holder. They also showed them the best way to operate the tool holder for
maximum efficiency. This served as an indication of the involvement of the
workers in the success of the task modification.
The performance of the operator using the three-axis tool holder
showed that it was capable of operating faster than the unmodified
operation and that the workers were able to learn quickly on how to operate
the device and maintain the line speed. The trials to determine worker
speeds have proven that the three-axis tool holder is able to maintain line
speed and operate satisfactorily on the factory floor.
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GAINS RESULTING FROM THE THREE-AXIS TOOL HOLDER

Several gains can be expected to accrue from the implementation of
the three-axis tool holder on the Doors team to assist the door bolting
operation. The advantages include the accommodation of the restricted
worker, ergonomic improvement of a task, economic advantages,
performance improvement, and no loss of line speed. These are detailed in
the sections below.
Accommodation of the restricted worker
The primary objective of the three-axis tool holder is the
accommodation of the door bolting task so that the worker (S) can return to
her original team. The first version of the three-axis tool holder was tried
by S and she was extremely happy with the reduction in weight and
transfer of recoil away from the hands (refer to Prototype 1 in Chapter 4).
The subject S did not feel any pain and this suggests that, if the three-axis
tool holder is installed for the Doors team, then S will be able to participate
as a fully functional member of the Doors team. She would be able to rotate
through all the tasks and thus achieve the primary objective of the project,
that is, make the restricted worker fully rotational in his/her team.
Secondly, the three-axis tool holder may be a successful adaptation for
people with lateral epicondylitis using guns on other similar jobs.
Ergonomic advantages
The three-axis tool holder aims at optimizing the interactions
between the person with lateral epicondylitis and other non-restricted
personnel with the task and the task environment. It has been shown in
Chapter 3 that bolting the doors to the space frame using the three-axis tool
holder reduces the forces at the operator’s lateral epicondyle due to wrist
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extension moments and supination moments. Also the recoil of the gun,
which is also hypothesized to contribute to the injury, is now transferred to
ground through the door mount fixture. The improvement in performance
will improve employee morale, improve quality and production rates, and
decrease material waste.
Economic advantages
The ergonomic advantages should lead to economic advantages. If
the three-axis tool holder is successful in the prevention of lateral
epicondylitis, the worker compensation costs for the treatment of right
lateral epicondylitis arising at the Doors team location has now been
removed.

Further, any injury in the unmodified operation would have led

to the worker being placed on short-term or long-term restriction resulting
in lost and restricted workdays. The employee is paid at a reduced wage
rate when placed on sick leave. These costs, that is, costs for training a new
employee or re-training the restricted individual have been avoided by the
accommodation of the restricted worker.
Performance improvement
An unanticipated likely advantage of using the three-axis tool holder
is that the geometry of the three-axis tool holder reduces the possibility of
cross threading the bolt. The axis of the tool extension of the three-axis tool
holder is held rigidly in angular alignment with the axis of each bolt. As a
result the probability of cross threading is reduced. This improvement in
the performance of the task is expected to require no loss of line speed,
frequency of tool change, or assembly line redesign.
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SUBJECTIVE EVALUATIONS

Several issues were raised by the personnel who evaluated the threeaxis tool holder during its trial on the assembly line and at the Workplace
Development Center. The persons involved in the evaluation of the threeaxis tool holder were the team members who carried out the trials, the
manufacturing engineers, the ergonomics personnel, product engineers and
members of the Saturn leadership.
Observations by the candidate
The candidate S, who tried the first version of the three-axis tool
holder, commented on the two most important design objectives 1) decrease
in the external loads supported by her right hand and 2) transmission of the
recoil away from the user’s hands. She was extremely happy with the above
changes and felt that she would be able to perform the tasks again without
aggravation of her symptoms. Once an opening arises and the three-axis
tool holder is duplicated and installed in all four door mount operations, she
will return to the Doors team, hopefully for the full rotation.
Observations of the team members
The other evaluating personnel were the team members who tried
out the three-axis tool holder. There were five different evaluators, in the
two sets of trials, who tried out the three-axis tool holder. The Doors team
members made several useful suggestions throughout the design process
that helped in designing the final versions. These included:
1) use o f a shorter tool extension in order to access the holt
openings in a straight line,
2) relocation of the trigger in order to make it more comfortable to
the user,
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3) avoiding cocking of the carriage (after the first trial),
4) prevent the carriage from extending outside the range o f the
linear shaft (overcome by using splined shaft provided with
brackets),
5) prevent the electric cord from snagging on levers and other
pieces of equipment,
6) provide a brace or support on the door mount fixture for the
tool extension of the three-axis tool holder to rest on, and
7) make the travel o f the carriage, yoke, and the tool clamp
smoother (this was suggested after the first trial o f the three-axis
tool holder).
All the suggestions of the team members were incorporated into the
final version. After the first three versions, the team members said that
they still preferred the unmodified operation. When the trials of the fourth
version were completed the team members commented on the performance
of the tool holder and the improvement in performance and speed of
operation.
Subjective comments made by the engineers and ergonomic co
ordinators
The engineers and ergonomic personnel also evaluated the
performance of the device. The engineers’ were concerned in particular
with the reliability of the device. As the evaluations have just now begun,
reliability can be determined only after evaluation for an extended period of
time. Another concern was the structural strength of the three-axis tool
holder and its ability to cope with the rigors of the assembly-line operation.
The three-axis tool holder is fabricated from steel and aluminum similar to
the components used in the Saturn assembly line and hence the chances of
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the fracture or breakdown under normal operating conditions are similar to
the other equipment on the assembly line. As noted earlier how the threeaxis tool holder functions for 20 hours everyday for six days a week remains
to be seen. The structural strength and reliability issues will be answered
after the tool holder is installed in the Doors team and used in a similar
manner as the other equipment on the assembly line.
Observations of the Saturn leadership team
The Saturn leadership were also impressed with the device and
expressed a desire to manufacture the three-axis tool holders using their
resources and adapt all the operations on the Doors team that use an
electric torque gun following on-line testing. Their chief concerns were
worker discomfort, speed of operation and stoppage of the production line.
On all the three counts, the three-axis tool holder performed very
satisfactorily and left no doubts in their minds. They commented on the
success of the tool holder and hoped to implement it on all stations in the
assembly line which are favorable to this adaptation.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

The final version of the three-axis tool holder was delivered to Saturn
on November 11th 1995. Prototype 4 succeeded in eliminating most of the
drawbacks of prototypes 1, 2, and 3 and set the platform for the final
version to be implemented successfully. Prototype 3 of the three-axis tool
holder had a few manufacturing flaws and Prototype 4 overcame those
flaws.

EXPERIMENTAL FINDINGS

The trials of the three axis tool holder revealed the following findings:
1) reduces the external loads on the user’s hands,
2) transmits the dynamic forces due to recoil to the ground through the
door mount fixture,
3) reduces the total force at the lateral epicondyle due to wrist extension
and forearm supination by an order of magnitude of thirteen,
4) accesses the front door bolts with the axis of the tool extension in
alignment with the bolt axis,
5) capable of operating faster than the unmodified station,
6) maintains the flow of the assembly line,
7) simplifies the door mount operation for S by supporting the gun,
8) does not aggravate the existing injury nor is there production of pain
due to the operation of the three-axis tool holder, and
9) can be used by all non-injured members of the team.
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REDUCTION OF BIOMECHANICAL STRESSES
The force requirements, as shown by the mathematical model, for the
unmodified task was greater than the forces in the unmodified tasks. The
three-axis tool holder reduced the external loads on the users hands by 50%.
The wrist extension forces and supination forces for the unmodified
operation are considerably higher at the lateral epicondyle. The significant
achievements for the three-axis tool holder in reducing the biomechanical
stresses are:
1) 50% reduction in the external load on the dominant hand as
the tool is now supported by the three-axis tool holder,
2) elimination of the need to use both arms since the operator
requires to use only one arm for the bolting operation,
3) reduction in the total force due to wrist extension and forearm
supination at the lateral epicondyle by an order of magnitude of
thirteen,
4) 45% reduction in the wrist extension forces at the lateral
epicondyle,
5) 100% reduction in the supination forces while loading the bolt
into the end of the tool, and
7) 100% reduction in the dynamic forces at the users hands.
Thus, the three-axis tool holder is a tremendous improvement on the
unmodified operation involving the use of the electric nut runner.

It

reduced all biomechanical stresses as a result of the unmodified operation
and eliminated the wrist extension and supination forces at the lateral
epicondyle at the time of loading the bolt and the transient forces due to the
recoil of the gun.
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REMAINING EXPERIMENTAL QUESTIONS

Prototype 4 with the revised tool clamp and base clamps was
delivered to Saturn on November 11th 1995. Saturn has now assumed the
responsibility of implementing the three-axis tool holder on the assembly
line following on-line testing.

They will observe and evaluate the

performance of the tool holder on the Doors team for an extended period of
time.

How the tool holder functions for continuous operation on the

assembly line remains to be seen?
The dimensions of all fabricated Aluminum components were
consistent with similar pieces used at Saturn under similar or greater
loading, that is, the design is conservative. The only static loads which
would cause concern would take place during extreme misuse, for example,
hanging heavy objects on the spline shaft. A bearing selection process and
the adequacy of the spline shaft is shown in Chapter 4. The spline shaft
and bearings were chosen after calculating the loads that they would
experience. The ratings of the various parts used in the three-axis tool
holder exceed the worst case loads, as explained in Chapter 4, by more than
an order of magnitude.
One important question that remains to be answered is about the
reliability of the device. To answer the question of reliability, the three-axis
tool holder has to be evaluated after every shift on the assembly line. This
extended observation and evaluation is to be done by Saturn in December
1995. Following extended on-line testing of the three-axis tool holder on the
assembly line Saturn will duplicate it on other door mount operations after
suitable modifications.
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R EC O M M E N D A T IO N S F O R F U TU R E W O R K

STATICS MODEL
The statics model developed calculates the wrist extension moments
and supination moments when the operator loads the bolts and when he
bolts the door to the space frame. In the model developed in Chapter 3
three muscles are considered, namely, extensor carpi radialis brevis,
extensor carpi ulnaris, and supinator. These muscles are considered in
isolation and the moments they produce at the lateral epicondyle are
calculated.

The model could be modified to consider all the extensor

muscles originating at the lateral epicondyle as a single lumped muscle.
The moment arm for this lumped muscle should be determined and the net
moment at the lateral epicondyle due to all the muscles should be
calculated.
Another approach would take into account the effort of each muscle
with respect to the prime mover for wrist extension or forearm supination.
This would provide the individual contribution of the muscle relative to the
other muscles in producing wrist extension or forearm supination. The role
played by the other muscles that do not originate or insert at the lateral
epicondyle has to be considered when calculating these moments.
The experimental methodology to obtain the anatomical data should
involve a more detailed analysis where at least 25 cadavers are studied and
the average values should be used in the calculations.

The model of

Chapter 3 represents the worst case condition while loading the bolts and
calculates the moments when the external load is greatest. The future
studies should include all possible postures and loads for calculation of
moments.
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D E S IG N V A R IA T IO N S

The future applications of the three-axis tool holder at various sites
in Saturn promise to be exciting. The three degrees of freedom of the tool
mount device provide it unlimited possibility to be used with suitable
modifications at other sites where power tools are used. The combination of
linear translation, a pitch angle, and a yaw angle can be used to adapt
several other tasks. For example a task which requires the user to hold the
power tool above his shoulder can benefit from the principle of the threeaxis tool holder. The linear translation can be provided by an articulated
arm which can reach into the area required and swivel and pivot
appropriately to perform the task.
Again Door’s team 7 is not the only place which benefits from the
three-axis tool holder. The part of the assembly line where the doors are
removed from the space frame before they are sent off to be worked on
individually could also benefit from the three-axis tool holder.

CONCLUSION

Two solutions can be considered for the accommodation of the task in
the Doors team. The belt-mounted gun brace is a wearable accommodation
that can be used only by S if required. The other solution, namely the
three-axis tool holder, has eliminated the need for the belt-mounted gun
brace by supporting the power tool on the door mount fixture. Though the
three-axis tool holder was primarily built to accommodate S’s restriction it
can also be used by all the members of the team. At this writing, the threeaxis tool holder has achieved the short-term goal of modifying the door
mount operation. The long-term goal of developing an accommodation for S
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could occur when Saturn tests, duplicates, and implements the three-axis
tool holder in all four stations (two for each side of the car).

The

achievements of the three-axis tool holder are:
1) accommodated a task for a candidate with right lateral
epicondylitis,
2) reduced the external load on the dominant hand by 50%,
3) freed one arm (right or left) during the bolting operation,
4) reduced the total force at the lateral epicondyle due to wrist
extension and forearm supination by an order of magnitude of
thirteen,
5) reduced the wrist extension moments at the right lateral
epicondyle by 45%,
6) reduced the supination moments while loading the bolt into
the end of the tool by 100%,
7) reduced the dynamic forces at the hands by transmitting the
recoil of the gun to the ground through the door mount fixture,
and
8) reduced the possibility of injury and re-injury on the Doors
team operation,
9) reduced forearm rotation,
10) maintained line speed and kept up the production schedule.
The design process evolved from the belt-mounted gun brace to the
development of the remote power module flexible shaft driver and finally to
the three-axis tool holder. Thus, the door mount operation in Doors team 7
has been successfully modified to accommodate a person with right lateral
epicondylitis.
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APPENDIX A
MANNEQUIN REPRESENTATIONS FOR THE UNMODIFIED
OPERATION

The human postural analysis was done using the Mannequin
program developed by the Humancad Corporation. It allowed analysis of
the various loads on the body for static postures. The methodology for the
static postural analysis involved:
1) simulation of the assembly line task,
2) process of sketching on the computer where a “rough” posture is initially
obtained based on observations,
3) iterative procedure involving several repetitions of the task and the
positions of the various limbs with respect to known anatomical reference
points obtained,
4) manipulation of the mannequin model to obtain the final posture, and
5) analysis of the mannequin models to determine joint angles and various
loads on the different stress points of the body.
The software created the mannequin model based on the data
provided to it at the beginning.

The input required to create the

Mannequin model as close an approximation to the human model are
1) gender,
2) percentile range that the subject falls into. For example, the subject may
be an average male and will hence fall into the 50th percentile,
3) classification of the subject into thin, average, or heavy categories,
4) ethnic background of the subject, and
5) Mannequin model desired for manipulation, namely human figure, stick
figure, or a robotic representation.
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From this data the program creates a mannequin representation of
the human subject and once the model is obtained on the screen the posture
adopted by the worker can be obtained by manipulation of the model’s
various limbs and other parts of the body.
The Mannequin representations show the limb positions and body
posture assumed by the subject while performing the door mount operation
on the Doors team of the Saturn assembly line. The postures have been
captured for two different bolting operations, shooting the top bolt and the
lowest bolt on the left hand side and right hand side of the car (refer to
Figures A -l to A-4). The different styles used in performing this operation
vary with each individual and this representation is not exemplary of the
postures adopted on the assembly line. Though the forces and joint angles
will be the same in most of the cases, these figures provide an approximate
idea of the postures involved in the door mount operation.
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B ack

view o f

S 's h o o t in g '

to p

b o lt

Figure A -l Back view of the posture for shooting the top bolt in the
front door bolting operation on the left side of the car
23 6

Back view o f low est b o lt on l e f t
side o f th e c a r

Figure A-2 Back view of the posture adopted for the lowest bolt
operation for the front door on the left side of the car
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Back view fo r top bolt operation on
right side o f car

Figure A-3 Back view of the posture for the top bolt of the front
door mounting operation on the right side of the car
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Back view fo r lowest bolt
on right side of the car

Figure A-4 Back view of the posture for the lowest bolt of the front
door bolting operation on the right side of the car
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A P P E N D IX B

MANNEQUIN MODELING FOR THE MODIFIED OPERATION

The modified operation aimed at maintaining the users limbs in the
neutral position. Thus the Mannequin models for the use of the three-axis
tool holder were extremely important. By developing the Mannequin model
for the user on the assembly line a comparison of the postures and of the
forces exerted at the lateral epicondyle between the modified and
unmodified operations can be done.
Once the Mannequin model was completed and the posture ready for
analysis the Mannequin model was imported in to Autocad. In Autocad the
various views could be adjusted and calibrated. Thus the dimensioning and
joint angles could be corroborated by Autocad. The Autocad representations
are shown.
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Back view o f bolt 2 operation

Figure B -l Mannequin model for bolt 2 on the left side of the space
frame
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B ack

view o f

b o lt

3 o p e r a t io n

F igu re B -2 P ostu re fo r b olt 3 o f th e fro n t d oor on th e le ft sid e o f th e

space frame
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Back view o f b o lt 4 op eration

L e f t side of c ar

Figure B-3 Posture adopted for bolt 4 of the front door on the left
side of the car
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A P P E N D IX C

ENGINEERING DRAWINGS OF THE THREE-AXIS TOOL HOLDER
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P a r t tt 1 F ix tu re Clamps

Figure C -l Front view, side view, and top view of the
fixture clamps
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P a rt # 2
BALL SPLINE RAIL.
HIDDEN LINE
REPRESENTS SPLINE BEARING

-7.5000-F -

'/ ■ f m

1

•

I

_ —t P

Figure C-2 Top view of ball spline rail with bearing
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P a r t tt 3 C arriage

F igu re C -3 T op view , fron t view , and side view o f th e carriage
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P a rt # 4 Bracket Piece

Figure C-4 Front view, top view and side view of the base mount
bracket
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P a rt # 5 Tool Mount base

Figure C-5 Front view of the base of the three-axis tool holder and
brackets
249

P a r t # 6 Yoke assem bly

F igu re C -6 F ron t view , side view , and top view o f th e yok e
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P a ri: # 7 S h o u ld e r b o lt s

B o lt a t t a c h in g
yoke t o c a r r ia g e

Side S h o u ld e r
B o lt

Figure C-7 Front view of the bolts attaching the yoke to the
carriage and tool clamp
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Part

#8 Tool cl anp

F igu re C -8 T op view and side view o f to o l clam p
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APPENDIX D
FLEXIBLE SHAFT SELECTION CRITERIA
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p age 9)
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Figure 13-1 Power drive core selection table
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Output to Hp

Core diameter in inch

Exam ple:
1 000 R P M at 1 Hp
Shaft requirement: Dia. 0.312 inch
200

500

1000

2000

5000

10 000

20 000 30 000

RPM

F igu re D -2 D yn am ic ou tput vs. Speed fo r the pow er d rive core
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Remote Control Core
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1) Min. bend radius m ust b e adhered to (see
page 9)
2) Torsional deflection angle of shaft 1 foot
long at torgue load of 1 Ibin
3) Static break torque

4) Figures are valid for shafts in straight
condition for so e e d s 20% of max. rated
RPM. In unwinding direction, torque is
reducted by 30% .
5) Weight is p o unds per 100 feet of shaft

Figure D-3 Remote control core selection table
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|49 711 01

Output dynamic in tip

200

500

1000

2000

5000

10 000

20000

Exam ple:
2 000 R P M at 6 .7 Hp
Shaft requirement: Dia. 0.625 inch
30 000

flPM

Figure D-4 Output power vs. Speed for various diameters of the
remote control core
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APPENDIX E

INFORMED CONSENT FORM

JOINT SATURN-UT PROJECT ON ACCOMMODATION
OF RESTRICTED WORKERS

a. ) The aim of this project is to develop a job accommodation for persons
with work-related injuries that have led to long term restrictions. The
project commenced in June 1994 and continues till December 1995. The
subjects, who are on long term restrictions, participation will involve
• working with the principal investigators throughout the project;
• providing data for the design process by kinematic tests, strength
evaluations, and other non-invasive procedures involving recording
devices, for example, the electromyogram; and
• periodically test the model and suggest design revisions.
The collection of data from the subjects will be completed within two days.
b. ) There are no foreseeable risks or discomforts to the subject.
Alcohol/drugs and any other medication must not be used prior to or during
the tests for collection of data.
c. ) If during the course of this study you have any questions concerning the
nature of the research or your rights as a subject, please contact Dr.
Michael J. Rosen at the telephone number (901) 448 -6445.
d. ) As a result of participation in the project the subject will be able to
• perform all the tasks in his/her team where his/her injury occurred
without any risk or aggravation of the same; and
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JO IN T SAT U R N -U T PR O JE C T O N A C C O M M O D A T IO N
OF D ISA B LE D W O R K E R S

• perforin some of the tasks in the team for which suitable accommodation
has been developed.
e. ) You

should

be

fully

aware

that there

are

several

other

medical/surgical/therapeutic treatments to make you functional in your job.
f. ) The data collected in this study will not expose the subject to public
embarrassment or humiliation. Strict confidentiality of information will be
maintained by recording the data in such a manner that the subjects
identity will be confidential.

Identity will remain confidential unless

written approval is obtained.
g. ) I understand that I am not waiving legal rights or releasing the hospital
or its agents from liability for negligence. I understand that in the event of
physical injury resulting from research procedures, the University of
Tennessee does not have funds budgeted for compensation either for lost
wages or for medical treatment. Therefore the University of Tennessee does
not provide funds for treatment or reimbursements for such injuries.
h. ) I have read the description of the joint Saturn-UT project on the
accommodation of restricted workers and I have freely volunteered to
participate in it. I have had possible side effects and adverse reactions
explained. I have had an opportunity to ask questions of the investigators
and other experts and have received acceptable answers. I understand that
I may withdraw from the study at any time and I will receive standard
treatment for my condition
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